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EFFECTS OF DIETARY SELENIUM AND VITAMIN E ON
THE GRAY-TAILED VOLE (MICROTUS CANICAUDUS)

I. INTRODUCTION

The element selenium is widely distributed in soils throughout

the world; usually at low concentrations. In order of abundance it

ranks sixty-six (Sharmen, 1960) and its mean concentration in the

earth's crust has been estimated at approximately 0.09 ppm (Swaine,

1955; Lakin 1972). However, in spite of its relative scarcity,

selenium has proven to be an important factor in the biology of many

animals, being both an extremely toxic element and a required

nutrient. Consequently, it has aroused a great deal of interest and

has been the subject of extensive research for over four decades.

Geographical and Geological Distribution of Selenium

Although selenium poses no threat to animals in most parts of

the world, there are extensive areas in which either selenium

poisoning or deficiency is a potential, if not a realized danger.

Large areas of the Great Plains region of the United States (Byers,

1935), especially South Dakota (Franke et al., 1934; Moxon et al.,

1939) and Wyoming (Beath et al., 1935; Knight and Beath, 1937),

consist of soils where selenium is found in high concentrations and

in forms readily available for absorption by plants in amounts

sufficient to make them lethal to many animals. Selenium poisoning

of animals has been reported, and seleniferous vegetation collected
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from other areas of the world such as portions of Mexico (Williams

et al., 1940), Columbia (Ancizar-Sordo, 1944), Canada (Lakin and

Byers, 1941; Williams et al., 1941), Ireland (Walsh and Fleming,

1952), Spain (Williams et al, 1941), Israel (Ravikovitch and

Margolin, 1957), China (Trelease and Beath, 1949, p. 3), and the

U.S.S.R. and Australia (Moxon and Olson, 1974). Selenium values of

these soils are in excess of 2.0 ppm and often exceed 100 ppm; the

extreme being Ireland where levels are as high as 1200 ppm (Cooper

et al., 1974).

Selenium deficient soils are even more widespread than

seleniferous ones (Moxon and Olson, 1974). Selenium deficiencies

have been reported throughout the world (Wolf et al., 1963); notably

in Australia (Gardiner and Gorman, 1963), New Zealand (Andrews et al.,

1968), Canada (Jenkins and Hidiroglou, 1972; Winter et al., 1973)

and the United States (Carter et al., 1968). Allaway (1972)

reported that the Pacific Northwest, New England and Eastern Sea-

board regions of the United States are particularly deficient in

selenium; 80% of crops sampled contained less than 0.10 ppm of

selenium and the median concentration in forage was less than 0.05

ppm (Carter et al., 1968). Hoffman et al. (1973) measured the

selenium concentration of muscle and kidney tissue of calves and

lambs from different parts of Canada and, using values below 0.5

ppm in muscle dry matter and 5.0 in kidney cortex dry matter as

indicators of selenium deficiency, concluded that in some areas of

Quebec and Ontario all animals were deficient.
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In addition to cataloguing the geographical distribution of

selenium, considerable attention has been given to understanding its

geological distribution. In attempts to anticipate areas that may

be potentially dangerous to animals, several investigations have

sought to explain either high or low selenium concentrations on the

basis of the geological history of the soils. Though excessive or

deficient levels of selenium tend to be found in certain soil types

this is not uniformly the case. Consequently, soil types cannot be

used to predict hazards to animals. Even knowing the selenium

content of soils is not always adequate to determine the degree of

danger involved as high selenium levels in some soils do not result

in the poisoning of animals, e.g., Hawaiian and Puerto Rican soils

(Lakin and Byers, 1941).

Franke et al., (1934) observed that cases of alkali disease

in South Dakota occurred only on Pierre Clay or "gumbo" soil which

is derived from cretaceous parent rock. Further studies (Byers,

1936; Lakin, 1961a, b) confirmed that cretaceous soils of certain

periods do have a tendency to be seleniferous. Trelease (1945)

reported that in the Western United States 70% of all seleniferous

plants collected in previous studies were from cretaceous forms of

soil. Other studies, however, have shown that cretaceous soils are

not always seleniferous. Cretaceous sediments in California, Texas,

Oklahoma, Mexico, New Jersey, and Maryland were not found to contain

excessive amounts of selenium (Lakin and Byers, 1941). Igneous soils

on the other hand are likely to be deficient in selenium (Lakin and

Davidson, 1967; Oldfield, 1972). Moxon and Olson (1974), however,
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reported that selenium occurs in volcanic materials and that these

may be primary sources. Lakin and Davidson (1967) noted release of

selenium from volcanic systems in the form of volatile gases and

Oldfield (1972) postulated that the low selenium level of the

Pacific Northwest (an area of widespread volcanic activity and

prevailing westerly winds) may be due to the volatilization of

selenium and its transfer eastward by winds.

Though selenium has a patchy distribution geologically and

geographically, extensive surveys have delineated substantial areas

of the world where the health of livestock is threatened because of

deficient or excessive levels of selenium in the soil. As the

occurrence of extreme levels of selenium cannot accurately be

predicted on a geological basis, it is conceivable that other such

areas may as yet be undiscovered, though perhaps not on a large scale.

Availability of Selenium to Plants and Animals

The primary route by which selenium enters the food chain is

via vegetation. Thus understanding the behavior of selenium in soil-

plant relationships is important if one is to assess the threat of

selenium to animals and its role in natural ecosystems. As indicated

above, soil concentrations of selenium vary from marked deficiency to

extremely high levels. Consequently, one may expect vegetation to

reflect the selenium levels of these soils. However, through geo-

chemical studies it has become apparent that the selenium concentra-

tion of a particular soil does not determine the amount of selenium

available to plants, since there exist a number of factors which act
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to decrease or enhance its uptake. Shrift (1973) discusses in

detail several of these factors, e.g., chemical form of selenium,

competitive antagonism of sulfur and soil type.

Selenium is most readily available in the selenate form which

has a water solubility much greater than the selenite or organic

forms. This water solubility, however, also makes selenates more

susceptible to removal from soil through surface runoff, leaching

and irrigation (Moxon et al., 1939). Thus plants growing in areas

with high levels of precipitation are not usually seleniferous due

to removal of water soluble selenium. Gardiner and Gorman (1963)

were able to correlate plant selenium levels with mean annual rain-

fall in Western Australia. An exception to this is found in Ireland

where conditions are very humid yet because of impeded drainage in

some areas water soluble selenium is not leached from the soil,

rather it remains available to plants thereby producing seleniferous

vegetation (Walsh and Fleming, 1952).

Volatilization is another means by which selenium is removed

from soil. Abu-Errish (1968) stated that volatilization of selenium

may be of importance in reducing the water soluble selenium content

of surface soils in certain areas. The amount of volatilization

appeared to be related to mold growth indicating the probable

conversion of soil selenium to highly volatile forms, i.e.,

selenides or diselenides.

In addition to its physical removal from soil, selenium may

be rendered unavailable to plants by the formation of water

insoluble ferric-oxide complexes, as in the case in Hawaiian soils
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(Lakin, 1972). Also, because of competition, the presence of

sulfates will reduce absorption of selenates; though they have

little effect on the absorption of either selenite or organic

selenium compounds derived from plant extracts (Oldfield, 1972).

Liming on the other hand makes selenium more available to plants

(Oldfield, 1972).

While in some areas selenium is removed from soil, in other

areas it is concentrated. The degree of concentration is related

to climatic, geological, chemical, and topographical factors. These

factors have been discussed by several workers in the field (Byers

and Knight, 1935; Hurd-Karner, 1935; Olson and Moxon, 1939; Olson

et al., 1942; Lakin, 1961a).

Lakin (1961b) summed up the factors influencing selenium

availability to plants in stating that seleniferous soils in the

United States which produce toxic vegetation are generally in regions

receiving less than twenty inches of rainfall annually, are alkaline

in nature (usually containing free calcium carbonate), and are pedocal

soils. In contrast, nontoxic seleniferous soils are pedalfer soils

having a pH between 4.5 and 6.5, possess a zone of iron and aluminum

compounds and are in humid regions. Nonseleniferous soils are often

derived from igneous parent rock and/or receive adequate moisture to

leach out the water soluble selenium.

As indicated above, animals receive selenium primarily via

plants. Sharma and Shupe (1975) attempted to assess this transfer of

selenium in a natural habitat by monitoring selenium concentrations

in soil, vegetation, and rock squirrels in a prescribed area. The
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soil possessed up to 1.5 ppm of selenium, vegetation 1.5 to 3.0 ppm,

and the kidneys of squirrels 9 to 53 ppm. Low correlations

(r < 0.6), however, were found for selenium concentrations between

vegetation and soil and between animals and soil.

In studies with a "soil" ± earthworm ÷ earthworm-feeders

(blackbirds and moles) foodchain, Nielsen and Gissel-Nielsen (1975)

found that earthworms concentrated selenium about 100 times above

levels in soil but in earthworm-feeders the selenium concentrations

were greatly reduced. These findings along with the results of

Lunde (1970) and Gissel-Nielsen and Nielsen (1973) in which soil

arthropods and fish were found to have high selenium concentrations

with respect to their environments, while animals higher in the food

chain had lower concentrations, lead to the speculation that the

concentration of selenium in food chains generally increases strongly

in the first link but decreases thereafter. This may be explained by

the fact that selenium is a metabolite in animals.

Apart from these studies little work has been undertaken

concerning the uptake of selenium by animals in a natural environ.

There has, however, been considerable work conducted in assessing

selenium availability to livestock. Scott (1973) collated values of

selenium content in various feed materials and discussed the need for

selenium supplementation to livestock. Moxon and Olson (1974) have

also reviewed literature pertaining to the control of selenium in the

diets of livestock. Approaches suggested for the control of selenium-

responsive diseases include (1) soil treatment to raise the selenium

content of crops, (2) the administration of selenium to animals
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orally, by injection or diet supplementation, and (3) the selection

of crops that will efficiently absorb selenium from the soil.

Control of selenium poisoning has been accomplished by avoiding use

of seleniferous areas as grazing pastures. While such control

measures of selenium intake in livestock have proven economically

important, the effect of various selenium levels on wild species

remains to be studied.

Another source of selenium to animals is via their water

supply, though in the vast majority of cases this is considered

insignificant. Generally, surface, ocean, and ground waters contain

less than 0.05 ppm of selenium, though some spring and irrigation

drainage waters have been found to contain over 1.0 ppm (Byers

et al., 1938; Lakin and Byers, 1941).

Selenium Toxicity in Animals

Selenium poisoning has plagued farmers and stockmen for

centuries. It was not, however, until the 1930's that selenium was

discovered to be responsible for such poisonings. Rosenfeld and

Beath (1964), Martin (1973), and Moxon and Olson (1974) discussed in

detail the history of selenosis and the work leading to the identifi-

cation of selenium as a toxic agent. The reader is referred to these

articles for more details of selenium toxicities.

Acute selenosis results when plants of high selenium content,

e.g., primary indicator plants, are consumed in large amounts.

Highly seleniferous plants, however, are not palatable. Consequently,

their consumption is restricted to conditions where extreme shortage
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of other forage prevails and, except in a few cases of large losses

in individual herds, death from acute selenosis is relatively rare

(Beath et al., 1932). The symptoms of acute selenosis have been

described by Beath et al. (1935) as abnormal movement and posture,

cyanosis of mucous membranes, labored breathing, diuresis, watery

diarrhea, elevated temperature and pulse rate, prostration, and

often death from respiratory failure.

In addition to acute selenosis, Rosenfeld and Beath (1964)

discussed three types of chronic selenosis: blind staggers, alkali

disease, and chronic inorganic selenosis. Blind staggers seem to

be caused by organic selenium compounds, with or without small

amounts of selenate, which are readily water extractable from native

selenium indicator plants. Alkali disease is produced in livestock

fed plant parts or grains in which selenium is bound in proteins,

presumably as selenoamino acids and is relatively insoluble in water.

These two types of selenosis are the most common naturally occurring

forms. Chronic inorganic selenosis is produced experimentally by

administration of selenate or selenite to livestock and laboratory

animals.

Cattle affected by blind staggers show signs of central

nervous disorder: wandering, stumbling, and apparent impaired vision

(Rosenfeld and Beath, 1964). Weakness and inappetence are followed

by respiratory failure leading to death. The pathology of this type

of poisoning is similar to that of actue selenosis.

Alkali disease, undoubtedly the most frequently occurring

form of selenosis, is reported to result from the continuous
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ingestion of feeds that contain over 5 ppm but usually less than

40 ppm of selenium (Moxon, 1937). Moxon and Olson (1974) list the

most common gross symptoms of alkali disease in horses, cattle, and

swine as rough hair coat, lack of vitality, lameness due to erosion

of the joints of the long bones and to inflamation with swelling

along the coronary band, inappetence, and emaciation. In more

advanced cases liver cirrhosis, atrophy of the heart, and anemia

are found.

Toxicity of inorganic selenium compounds in various species

of animals was reviewed by Muth and Binns (1964). Ruminant animals,

because of reactions which may take place while selenium is in the

rumen, are able to tolerate more selenium as inorganic salts than

are monogastric animals. Reduction of selenium salts to elemental

selenium in the rumen may be as much as 40% of a single dose (Moxon

and Olson, 1974), though the reduction may vary depending upon diet

constituents and the nature of rumen flora (Butler and Peterson,

1961). In laboratory studies with rats, however, it was established

that selenite was as toxic as organic forms of selenium and possibly

even slightly more so (Martin, 1973).

Another symptom of chronic selenosis, especially of the

alkali disease form, is impaired reproduction. In poultry, chronic

selenium poisoning may result in delayed egg production and reduced

hatchability due to deformation of embryos (Franke and Tully, 1935;

Poley and Moxon, 1938; Carlson et al., 1951). Moxon and Olson (1974)

reported that the most common deformities are missing or short upper

beaks, missing eyes, deformed feet and legs, edema of the head and
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neck, and a wiry down giving those chicks that do hatch a greased

appearance. Wahlstrom and Olson (1959) reported adverse effects of

selenium on swine reproduction. Cattle, sheep, and horses have also

been reported to demonstrate reduced reproduction in response to

ingestion of large amounts of selenium either during a short or over

a prolonged period of time (Moxon and Olson, 1974). Glenn et al.

(1964), however, were unable to distinguish an effect on reproductive

performance in sheep fed inorganic selenium. Congenital malformities

have been reported in both horses and sheep due to excessive selenium

intake by the dam (Smith et al., 1936; Beath et al., 1939). Minyard

(1961) and Dinkel et al. (1963) suggested that reduced reproductive

performance may occur in seleniferous areas without other symptoms

being manifested and that this may be the most significant effect of

selenium intake in terms of economics.

Moxon and Olson (1974) noted a considerable individual varia-

tion in susceptibility of animals to selenium poisoning. They also

discussed factors affecting the toxicity of selenium; among which are

the animal species, composition of the ration, chemical form of

selenium, concentration of selenium, and the duration of intake.

Mechanisms by which these factors ameliorate or accentuate the

effects of selenium upon the animal are not completely understood.

Thus, it is often difficult to assess the potential dangers of

selenium upon animals outside the laboratory.
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Selenium Deficiency in Animals

It was not until Schwarz and Foltz (1957) found selenium to

be protective against dietary necrotic liver degeneration that

selenium was suspected as being an important nutrient. Following

this discovery, it was shown that selenium was effective in the

prevention of exudative diathesis in chicks (Scott et al., 1957;

Stokstad et al., 1957). Selenium has since been shown to be an

essential nutrient (McCoy and Weswig, 1969; Thompson and Scott,

1969).

A large number of selenium-responsive diseases have been

described in a variety of animals (Table 1). It is important,

however, to note that while some diseases are due entirely to a

deficiency of selenium, there are many that respond to either selenium

or vitamin E and others that respond only to the presence of both of

these nutrients. Scott (1973) listed selenium-responsive diseases

as necrotic liver degeneration in rats, mice, rabbits, and swine;

muscular dystrophies or myopathies in lambs, calves, swine, horses,

and turkeys; infertility in ewes; "unthriftiness" in cattle and

sheep; alopecia in swine, rats, horses, and chickens; exudative

diathesis in chicks; and atrophy and fibrosis of the pancreas of

chicks. Scott described these selenium-responsive diseases and

reviewed the research dealing with the understanding of selenium's

nutritional importance.

Considerable attention has been devoted to understanding the

biological role of selenium both separately and in association with
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Table 1. Some selenium-responsive diseases and conditions in
animals, with selected references.

Selenium-responsive
diseases or conditions Animal

Selected
references

NECROSIS
Multiple necrotic degeneration
Necrotic liver degeneration

MYOPATHIES
Skeletal muscle (nutritional

muscular dystrophy)

Gizzard

Cardiac muscle

Liver

"Stiff muscle disease"

"White muscle disease"

EDEMAS
Exudative diathesis

Generalized subcutaneous edema

REPRODUCTIVE FAILURE
Infertility
Impaired testicular function
Retention of placenta
Low production of eggs
Low hatchability of eggs

Rat
Rat

Calves
Swine

Schwarz, 1958
Schwarz and Foltz, 1957
Todd and Krook, 1965
Hartley and Grant, 1961

Turkey Walter and Jensen, 1963
Japanese

Quail Jensen, 1968
Turkey Walter and Jensen, 1963;

Scott et al., 1967
Chicken Walter and Jensen, 1964
Japanese

Quail Jensen, 1968
Turkey Walter and Jensen, 1963;

Scott et al., 1967
Swine Pellegrini, 1958

(reported in Scott,
1973)

Swine Pellegrini, 1958
(reported in Scott,
1973)

Lambs Proctor et al., 1958;
Muth et al., 1958

Lambs Proctor et al., 1958;
Muth et al., 1958

Calves Muth et al., 1958

Turkey Creech et al., 1957
Chicken Scott et al., 1957;

Stokstad et al., 1957
Swine Hartley and Grant, 1961;

Ewan et al., 1969

Ewes Andrews et al., 1968
Rats Wu et al., 1969
Cattle Trindor et al., 1969
Chicken Cantor and Scott, 1974
Chicken Cantor and Scott, 1974
Japanese

Quail Jensen, 1968
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Table 1 (Continued).

Selenium-responsive
diseases or conditions Animal

Selected
references

OTHER CONDITIONS
Atrophy and fibrosis of

pancreas
Alopecia

Anemia
Icterus
Periodontal disease
Poor Growth

"Unthriftiness"

Chicken Thompson and Scott, 1969
Chicken Scott et al., 1957

Buchanan-Smith, et al.,
1969

Sheep Hartley and Grant, 1961;
Slen et al., 1961

Rats McCoy and Weswig, 1969
Swine Ewan et al., 1969
Swine Ewan et al., 1969
Ewes Andrews et al., 1968
Chicken Schwarz et al., 1957

Buchanan-Smith et al.,
1969

Turkey Scott et al., 1967
Rats McCoy and Weswig, 1969
Sheep Andrews et al., 1968
Cattle Andrews et al., 1968
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vitamin E. That certain selenium compounds exhibit antioxidant

effects as does vitamin E (Bieri and Pollard, 1959; Zalkin et al.,

1960; Bieri, 1961) suggested to Tappel (1965) that vitamin E and

selenium-containing proteins function as lipid antioxidants, thus

providing an explanation of the sparing effects of the two nutrients.

Tappel and Caldwell (1967) reviewed the evidence supporting the

action of selenium as a nonspecific antioxidant and inhibitor of

free radical peroxidation of lipids. Glavind (1973), however,

questioned the ability of trace amounts of selenium compounds to

possess sufficient antioxidant properties so as to protect against

vitamin E deficiencies. Another well-received theory concerning the

function of selenium is that both nutrients act separately in

cofactor-type roles, probably enzymatically at sites in metabolism

that are closely related (Schwarz, 1965).

As Moxon and Olson (1974) pointed out, the action of selenium

in the prevention or curing of selenium-responsive diseases is still

unresolved. However, the discovery of selenium as a component of

glutathione peroxidase (glutathione:H
2
0
2

oxidoreductase, E.C.

1.11.1.9; referred to as GSH-Px) has allowed the explanation of at

least one function of selenium in biological systems related to

vitamin E (Hoekstra, 1974, 1975). That selenium is an integral part

of glutathione peroxidase encompasses the cofactor-type role (Schwarz,

1965) as well as Tappel's (1965) antioxidant role for selenium.

Glutathione peroxidase has been known since 1957 (Mills, 1957)

to prevent oxidative denaturation of hemoglobin by H202. Hoekstra

(1975) pointed out that this is an important enzyme not only in
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destroying H202 but also hydroperoxides, e.g., lipid hydroperoxides.

This action against lipid hydroperoxides is important in protecting

cellular and subcellular membranes from oxidative damage (Hoekstra,

1975). The discovery that glutathione peroxidase contains 4 selenium

atoms per molecule (an average of 1 per protein subunit of about

22,000 molecular weight) has been reviewed and discussed by Hoekstra

(1974, 1975). Figure 1 illustrates the action of glutathione peroxi-

dase in the destruction of peroxides and Figure 2 describes a possible

interrelation of selenium (as a cofactor of glutathione peroxidase

enzyme) and vitamin E.

This relationship between vitamin E and selenium may not be the

only one. Scott (1973) discussed evidence for the action of a

selenium-containing compound as a carrier of vitamin E. This selenium

compound (perhaps a seleno-lipoprotein) may also function in the

absorption, retention, maintenance, and transfer across cell membranes

of vitamin E (Scott, 1973). While much progress has been made in

delineating possible biological roles for selenium separately and in

association with vitamin E, there remains considerable work in further

clarifying the actions of these nutrients in biological systems.

Accumulation, Retention and Elimination of Selenium

The extent to which selenium accumulates in various organs and

tissues is dependent upon the animal species, predosage levels of

selenium, the chemical form, and dosage level. Martin (1973)

reported that detoxifying organs tend to accumulate the greatest

quantities of selenium; highest concentrations being found in the
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Figure 1. Mechanism of peroxide destruction catalyzed by glutathione peroxidase
(from Hoekstra, 1974). The abbreviations GSH and GSSG refer to reduced
glutathione (y-glutamylcysteinylglycine) and oxidized glutathione,
respectively.
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Figure 2. Proposed interrelation of selenium and vitamin E in the prevention of
oxidative damage to tissues (from Hoekstra, 1974).
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the liver, followed in decreasing order by kidneys, spleen, and

lungs. Heart, skeletal muscle, and brain contain small amounts of

selenium as do other tissues.

Jaffe and Mondragon (1969) showed that previous exposure to

selenium affects the subsequent distribution pattern of selenium in

animals. It was found that selenium content in livers of weanling

rats decreased in response to moderately high selenium doses if

they had been born to females which were fed similar selenium dosages.

If on the other hand young rats were not given high selenium doses

until after weaning, liver selenium levels increased significantly.

That the chemical form of selenium is important in determining

selenium's distribution in an animal body was demonstrated as early

as 1938 in rabbits (Martin, 1973). Halverson et al. (1966) and

Ehlig et al. (1967) reported similar results for rats and sheep,

respectively. These investigators found that tissue from animals

given an organic form of selenium (e.g., selenomethionine) contained

significantly higher selenium levels than did the same tissues from

animals given an equivalent amount of selenium as selenite.

The dosage level of selenium also affects its distribution

pattern. Allaway et al. (1966) found that at very low levels of

selenium (0.01 ppm) in the diet, kidneys of sheep concentrated

slightly more selenium than did the liver on a per gram basis.

However, at higher doses of selenium (0.43 to 0.57 ppm) more was

concentrated in the liver than in kidneys. This pattern of

selenium accumulation was demonstrated by Cousins and Cairney

(1961) and Hidiroglou et al. (1969) in sheep.
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The retention of selenium in tissues further depends upon the

dosage level and the chemical form. Hopkins et al. (1966) found that

as the amount of selenium administered to rats increased the

percentage retained over a given time period decreased. In an

organic form selenium is retained for a much longer period (Cousins

and Cairney, 1961).

The elimination of selenium is primarily via the kidney,

however, in ruminant animals a considerable amount may be excreted

in feces and pulmonary excretion may become important when selenium

levels in the body become very high (Martin, 1973). Martin (1973)

reviewed studies on selenium excretion and reported that the extent

of pulmonary elimination depended upon the chemical form, dietary

factors, and the presence of certain additives. The rate of selenium

elimination was found to be as high as 50% in the first 24 hours

(Blinco, 1960; Ewan et al., 1967).

There exist a number of factors that act to detoxify selenium

in animals. The most important of which is perhaps the protein

content of the diet (Martin, 1973). It is generally felt that a high

protein diet protects animals from selenium poisoning to a consider-

able degree (Gortner, 1940; Lewis et al., 1940). Cooper and Glover

(1974) reviewed other protective or detoxifying factors among which

were arsenic, ascorbic acid and vitamin K.

Significance of Selenium Research

The fact that the selenium cycle in nature is not fully under-

stood, coupled with selenium's demonstrated nutritional importance
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and its toxic effects upon certain organisms, has caused several

researchers to emphasize the necessity of further study concerning

the action of this element in biological systems as well as in the

environment.

Allaway (1968) reported that the amount of selenium in the

crust of the North American continent is decreasing due to the

removal of selenates from alkaline regions of high selenium concen-

tration. Yet, in response to suggestions that selenium be added to

the environment for the purpose of alleviating deficiency problems,

he advises: "A cautious approach to this problem is essential since,

on a molar basis selenium may be the most toxic element in the

environment," and the behavior of selenium in the environment is not

completely understood. Lakin (1972), however, contended that more

extensive research of the effects of added selenium to the atmosphere

and waters and especially its behavior in combination with other

contaminants is needed because of increased selenium contamination

through mining and industrial usage. Hashimoto et al. (1970) also

reported an increased use of selenium in industry over recent years

and discussed its release into the environment as a pollutant. Lakin

(1972) reviewed the literature concerning selenium contamination of

the environment. Though concluding that selenium concentrations are

not likely to reach hazardous levels, he felt this increase of

selenium in the environment may be sufficient to result in localized

minor hazards and certainly warrants concern. Frost (1972), however,

pointed out that there are considerable discrepancies regarding

reported selenium values for certain industrial products. Although
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the human population is not now threatened by selenium, nor is it

likely to be in the future to any significant degree, there exists

a general concern among investigators because of our lack of know-

ledge about selenium. Certainly there is a need for additional

investigation of changing selenium concentrations in the environment

and also its chemical forms and behavior in the environment.

More immediate concerns are the biological effects (i.e.,

deficiencies and toxicities) which currently pose serious problems

in certain parts of the world. As indicated above, deficiencies of

selenium may be more threatening than selenium toxicity as low

selenium areas are more extensive than seleniferous ones (Moxon and

Olson, 1974). Moxon and Olson (1974), quoting the Department of

Health, Education and Welfare's 1973 economic evaluation of the

annual losses to the U. S. poultry industry resulting from selenium

deficiency, reported losses by poultry producers of more than

$27,000,000 annually. They also estimated equivalent losses to the

swine industry. Indeed, the selenium problems, especially those of

deficiencies, are most felt in animal husbandry.

While selenium intoxication has been reported in humans it is

of very isolated occurrence. Cooper and Glover (1974) reviewed the

work on the toxic effects of selenium in man and reported that

selenium may enter the body through the lungs or skin as dust or

fumes in industrial situations and is ingested by persons in some

seleniferous rural areas. They observed the following factors

associated with chronic selenium intoxication in man: depression,

languor, nervousness, occasional dermatitis, gastrointestinal
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disturbances, giddiness, and a garlicky odor of breath and perspira-

tion. Early symptoms of chronic selenosis in man are brittleness

and malformation of fingernails, listlessness, and hair loss

(Shapiro, 1973). Shapiro (1973) discussed in detail selenium's

relationship to human biology; sources of selenium, relative

toxicities of selenium-containing compounds, its teratogenicity,

and supposed carcinogenicity. Frost (1975) discussed selenium in

terms of possible therapeutic roles in human biology.

That selenium deficiencies in a variety of animals result in

a number of pathologic changes has been known for some time. However,

because of the general availability of selenium in human diets, it is

only under the most extreme conditions of malnutrition that selenium

deficiency has been suspected. It was noted by Schwarz (1961) that

two infants suffering from kwashiorkor and failing to gain weight on

a protein diet showed prompt weight gain when diets were supplemented

with selenium in doses of 25 to 30 pg/day. Similar observations have

since been reported and correlations between blood selenium levels

and recovery ability of such malnourished children have been noted

(Burk et al., 1967; Majaj and Hopkins, 1967; Levine and Olson, 1970).

However, concerning the long-term effects of selenium deficiencies

and toxicity, additional work is required.

In contrast to the harmful effects of selenium and in addition

to its nutritional necessity several beneficial effects have been

suggested. Though still the subject of much dispute (see discussions

of Shapiro, 1973, and Frost, 1975), selenium has been advanced as an

anticarcinogen (Shamberger, 1970). In addition, selenium has been
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found to counter the toxic effects of such environmental contami-

nants as mercury and cadmium. The interaction of selenium with

these toxic metals has been discussed by Pai.fzek et al. (1974).

Furthermore, selenium has been implicated in the etiology of dental

caries (Allaway, 1972), and Frost (1975) suggested that selenium be

used in combating arthritis.

Statement of Purpose

While selenium has been shown to be a serious danger to many

livestock animals and has been implicated as a potential threat in

some aspects of human biology, it has also been shown to be an

essential nutrient and may indeed prove to function in several

beneficial roles in biological systems. Yet very little is known of

its behavior in the environment and its effects upon wild species of

animals.

This research project was undertaken to characterize the

gross effects of dietary inorganic selenium in a wild rodent

(Microtus canicaudus). The biological effects of several selenium

levels were examined in association with differing vitamin E levels.

Among the parameters monitored at various dosages were pathological

conditions, tissue accumulation of selenium, glutathione peroxidase

activity in blood, and reproductive effects.

While such a study can only be viewed as preliminary to a more

thorough environmental approach, it is useful in outlining the

potential importance of selenium in the biology of a wild species and

is indeed a necessary precursor study to the delineation of the
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ecological and environmental roles of selenium in relationship to

such a species.
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II. MATERIALS AND METHODS

A 2 x 4 x 3 factorial experiment was designed to assess the

nutritive value of dietary selenium (sodium selenite) and vitamin E

(S-alphatocopherol) in terms of general biological parameters, and to

examine the effects of these nutrients on the reproductive physiology

of the gray-tailed vole (Microtus canicaudus) (Figure 3). In

addition, selenium concentrations of selected tissues and glutathione

peroxidase activity of blood were monitored. An outline of experi-

mental design is given in Figure 4.

Vitamin E and selenium were incorporated into diets of the

animals as indicated in Figure 3. Selenium dosages ran from

suspected (based upon data from rats) deficient to physiological or

subtoxic levels, i.e., 0, 0.1, 1.0, and 5.0 ppm. Vitamin E concen-

trations used were 0, 50, and 500 ppm (these values correspond to

deficient, normal, and high levels in rats).

Diets were analyzed to determine actual selenium concentra-

tions. The "basal diet" (0 ppm of selenium) was found to contain

approximately 0.02 ppm of selenium, the maximum value obtained was

0.03 ppm. The "0.1 ppm selenium diet" was found to contain between

0.09 and 0.11 ppm of selenium. The "1.0 and 5.0 ppm selenium diets"

were found to contain approximately 1.12 and 5.10 ppm of selenium,

respectively. It is probably the case that selenium values differed

slightly not only between batches but also within batches (i.e., a

homogenous mixture was not obtained). However, it is also probable

that the amount reaching the animals over the course of the
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Sex
ppm Se
in diet

ppm Vitamin E
in diet

Parameters monitored

0 Body weights
0 50

500 Weight gains
0

0.1 50 % Survival
w

,.--1
500

cd

>_-_,
0 Organ weights

1.0 50

500 [Se] /organ (wet and dry basis)
0

5.0 50 GSH-Px activity
500

0 Sperm motility
0 50

500 Sperm viability
0

w
,--1

co

0.1 50 Ovulations
500

w 0 Placental scars
4, 1.0 50

500 Births
0

5.0 50 % Survival of young
500

Figure 3. Parameters monitored using a 2 x 4 x 3 factorial design.
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3 weeks of age
assign animal to experimental group

(weigh animal every 2 weeks)

mate animals @ 9 weeks of age

sacrifice animals @ 15 weeks of age
(cervical dislocation)

exsanguinate
(heart puncture)

28

GSH-Px analysis

Remove vas deferens (mince
in saline to extract sperm).
1. Determine motility of sperm.
2. Determine viability of sperm

(eosin-analine blue staining).
3. Note abnormal sperm.

1

Selenium analysis
(median lobe of liver
and left portions of

other organs).

1. Examine ovaries for
corpora albicans and
corpora lutea

2. Examine uteri for
placental scars

remove organs
(brain, heart, liver, kidneys, testes)

(separate into right and left organs or parts
and weigh each part separately)

Figure 4. Outline of experimental protocol.

1

Dry weight
determination

(liver, except median
lobe and right

portions of other
organs).
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experiment averaged out close to the stated value. The amount of

diet consumed by the animals was not monitored but was assumed to

average out to comparable amounts between groups. Diets were not

analyzed for vitamin E content. It is recognized that the diets

undoubtedly possessed some basal level of vitamin E apart from the

amount added (i.e., the "0 ppm vitamin E level" is not a purified diet

free of all vitamin E). For convenience, however, the vitamin E

concentrations of the diet will be referred to in terms of the amount

of nutrient added, i.e., "0 ppm," "50 ppm" and "500 ppm" vitamin E.

Animals used were from a breeding colony of M. canicaudus

originally live-trapped in three areas of Benton County, Oregon from

March to August, 1973 (Tyser, 1975) and maintained in outbred condi-

tion in the animal care facilities of Weniger Hall #635 at Oregon

State University under supervision of Dr. Larry G. Forslund. Experi-

mental animals were sixth and eighth generation offspring of the

original wild population.

Breeding pairs, from which experimental animals were obtained,

were housed in Bo-Kay fiberglass plastic boxes (60 cm x 15 cm x 15 cm)

fitted with 1.2 cm wire mesh tops. Cage floors were covered with

sawdust, and cotton batting was provided as cover and nesting

material. Animals were maintained under conditions of constant

temperature (20-22°C) and photoperiod (16 L:8 D). Their normal

laboratory diet consisted of Purina Rat Chow, Purina Rabbit Chow and

tap water (ad libitum), supplemented with fresh lettuce clippings

twice weekly. However, to minimize the amount of selenium trans-

mitted to the young across the placenta and via the milk, breeding
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pairs were provided a torula yeast ration (Figure 5) for at least

one month prior to giving birth to experimental animals. To remove

possible interference of ionic fluctuations in their water source,

distilled water was provided to animals on the torula yeast ration.

Cotton and sawdust were tested and found to possess a negligible

selenium concentration.

Ten animals were assigned to each group. In some cases,

however, due to high mortality, additional animals were placed into a

group to insure survival to 15 weeks of age of an adequate sample

size for certain chemical and statistical analyses.

To alleviate problems of learning to feed and drink, young were

weaned at 18 days of age and housed with siblings until 21 days old.

At this time, animals weighing between 13 g and 18 g were toe-clipped

for identification purposes and assigned to an experimental group.

Whenever possible, siblings were placed into different groups to

minimize genetic differences. Experimental animals were housed in

pairs according to sex in wire bottom (12 mm mesh) hanging rack cages

(24 cm x 18 cm x 18 cm). Cotton was provided along with pelletized

torula yeast diet and distilled water. After 9 weeks of age animals

were mated within their corresponding groups and maintained in the same

type of cage until 15 weeks of age at which time they were sacrificed.

At two week intervals, from initiation into an experimental

group until sacrifice, body weights were determined to the nearest

0.1 g on an Ohaus triple beam balance. At these times the animals were

placed into clean cages and mated females were palpated to determine

stages of pregnancy. Cages were checked daily for food supply and
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TORULA YEAST RATION

Constituents Amount/Kg

Torula yeast
HMW salts
Sucrose
Corn oil
Vitamin mix*
BW 100 Solka-floc
Vitamin A
Vitamin D

Vitamin E
Selenium (Na2Se03)

*Vitamin mix

Constituents

400 g
50 g

415 g
50 g
10 g
75 g

10 mg/5 ml EtOH
100 y/16 drops

Added according to
group requirement

Amount/100 g

Thiamin HC1
Riboflavin
B6-pyridoxine HC1
Ca D-pantothenate
Choline-chloride
Niacin
Menadione
Folic acid
Biotin
B12

Lactose carrier

40 mg
25 mg
20 mg

200 mg
10 g
1 g

10 mg
20 mg
10 mg
1 g

87.675 g

Figure 5. Composition of torula yeast ration.
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general condition of animals. Animals on selenium-deficient diets

were kept in a separate room from animals receiving selenium. This

precaution was taken to avoid contamination of deficient animals by

diselenides which may be released in respiration of seleniferous

animals (Ganther and Hsieh, 1974). Where selenium supplemented

animals were kept in the same room, animals receiving the greatest

dosage were placed at lower levels on the cage racks.

At 15 weeks of age animals were sacrificed by cervical disloca-

tion and immediately exsanguinated by heart puncture (sodium citrate

was used as the anti-coagulant). The blood was kept refrigerated

until such time as glutathione peroxidase activity could be analyzed.

Analysis was performed within 24 hours by a modification of the spec-

trophotometric method of Paglia and Valentine (1967). The modified

method differed in that the amount of glutathione reductase in the

reaction mixture was doubled as was the concentration of hydrogen

peroxide. This alteration insured that the reaction system was limited

only by blood glutathione peroxidase levels (Martha Tripp, personal

communication). The blank contained all components except hemolysate

(replaced by distilled water) and this value was subtracted from the

test samples. Absorbency measurements were made using a Beckman DU

Spectrophotometer (Beckman Instruments, Inc., Fullerton, California)

attached to a Gilford multi-sample absorbence recorder (Gilford

Instrument Laboratories, Inc., Oberlin, Ohio). See Figure 6 for a

detailed outline of procedures used.

When males were sacrificed, the vas deferens were dissected out

and minced in 1 drop of mammalian physiological saline (0.01 M KC1,
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Preparation of hemolysate:
1. Add 0.3 ml whole blood to 1.8 ml cold saline (0.9%) in

conical tip centrifuge tube.
2. Centrifuge approximately 1 minute at moderate speed,

discard supernatant and save RBC's.
3. Dilute to 1.8 ml with double distilled water and stir.
4. Discard all but 0.5 ml.
5. Freeze and thaw 3 times in a dry ice-acetone bath

(swirling as it freezes).
6. Add 0.5 ml Drabkins solution.
7. Dilute to 7 ml with double distilled water. This is the

hemolysate.
Preparation of H202 solution:

Dilute 0.0175 ml of concentrated H202 (30%) to 200 ml with
double distilled water.

Preparation of reaction mixture (prepare a solution of the
following amounts of reagents for each assay):
1. 0.243 mg sodium azide
2. 0.233 mg NADPH
3. 1.533 mg glutathione (reduced)
4. 0.8 ml 0.05 M phosphate buffer, pH 7.0, containing 0.005 M

EDTA
5. 0.0067 ml glutathione reductase; this aliquot of glutathione

reductase is based on an activity of 100 units/mg protein.
However, as each bottle of enzyme differs in activity, the
aliquots must be adjusted accordingly.

Preparation of the Gilford Spectrophotometer system:
1. When using a tungsten lamp keep filter out (keep filter in

with hydrogen lamp) and set wavelength at 340 nm.
2. To set the recorder, place cuvette selector on READ and

absorbence at 1.000. Adjust slit to null then adjust zero
on recorder to set pen to right scale. Switch to BLANK and
adjust recorder to left scale with vernier control.

3. To set the machine, place cuvette selector on BLANK and
adjust slit to null, then on READ set absorbance to
0.300-0.400.

Assay sequence:
1. Add 0.1 ml sample to cuvette.
2. Add 0.8 ml reaction mixture.
3. Add 0.1 ml H202 solution, hold parafilm over the opening and

invert cuvette 3 times. Start recorder. If necessary adjust
0.D. to bring assay on scale.

4. If AA340 nm/minute > 12, use 0.05 ml sample (or less) + 0.05
ml double distilled water.

Assay of hemoglobin:
1. Dilute 1.0 ml of hemolysate to 7.0 ml with double distilled

water.
2. Stir and read absorbence @ 542 nm.

Figure 6. Procedure for the analysis of glutathione peroxidase
activity in blood.
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0.15 M NaC1, 0.02 M CaC12, and 0.002 M NaHCO
3
). From this concen-

trated solution, a speck of sperm (the amount that will adhere to the

tip of a glass rod) was diluted into approximately 2 ml of physio-

logical saline. Sperm motility was estimated using standard micro-

scopic techniques and graded on a 5-point scale according to the

method of Dougherty et al. (1975). Sperm motility was rated as

follows: 0 = no motion (inactive); 1 = tail movement but no forward

progression; 2 = sperm moving with meandering, slow, forward motion;

3 = sperm moving fairly rapidly in almost a straight line; and 4 =

sperm moving in a straight line with high speed. The total percentage

of viable sperm was estimated by Eosin-Analine blue staining

(Dougherty et al., 1975). Sperm were also observed for abnormalities.

When sacrificing females, the reproductive tract was removed and

ovaries and uteri examined for corpora albicans, corpora lutea, and

implantation scars.

The selenium concentration was determined for selected tissue

(brain, heart, liver, kidney and in males the testes). To avoid the

possibility of volatilization of selenide and diselenide forms of

selenium (Heinrich and Kelsey, 1955), the tissues analyzed were not

dried. Consequently, to arrive at selenium concentrations on a dry as

well as wet basis, it was necessary to divide the tissues; one portion

weighed fresh (after blotting off excess blood) and frozen for later

selenium analysis, the other portion weighed fresh then dried at 80°C

for 24 hours on glassine paper and reweighed to obtain dry weight. By

knowing the average water content for a given tissue within a particular

group, selenium concentrations could be calculated on a dry weight
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basis from wet tissue data.

Right and left kidneys and testes were separated for dry weight

determination and selenium analyses, respectively. Brain and heart

were separated by a mid-saggital cut. The medium lobe of the liver

was used for selenium analysis, the remainder for dry weight

determination.

Tissues frozen for selenium analysis were pooled according to

experimental group to form composite samples. This was necessary to

ensure an adequate sample for measurement. Analysis was performed

using a modification of Olson's (1969) method. In the method

utilized, wet digestion in nitric and perchloric acids was carried out

in 50 ml Erlenmeyer flasks on hot plates, rather than in the micro-

Kjeldahl reflux system. This difference in methodology has reportedly

not significantly hindered the accuracy of the analysis (Stanley

Elliott, personal communication). See Figure 7 for a detailed outline

of procedures used.

During the course of this study, groups which were deficient in

both vitamin E and selenium suffered very high mortalities. While

this was thought to be due to the combined selenium and vitamin E

deficiencies, there was some reason to suspect an extraneous factor

or factors as being responsible since these animals had been kept in a

separate room. In order to determine which was the case, a second

group of animals (14 males and 17 females) were initiated into the

selenium and vitamin E deficient groups and housed in the same room as

the selenium supplemented animals. Once a majority of these animals

were seen to manifest the same symptoms as was found in the first
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1. Add sample to 50 ml Erlenmeyer flask. Add 10 ml of
concentrated nitric acid and allow to digest at room tempera-
ture for at least 4 hours.

2. Heat slowly on a hot plate until the nitric acid boils then
increase the heat until the dark brown fumes become light
brown.

3. Remove flask from heat and add 2 ml 70% perchloric acid and
swirl.

4. Continue heating to distill off nitric acid. After the
appearance of white perchloric fumes, continue heating for
15 minutes. Then remove from heat and cool.
N.B.: While HNO3 is distilling out of flask, the bubbles formed

will be large. As the distillation approaches comple-
tion, small bubbles are formed. This happens just prior
to the evolution of HC104 fumes. If heated too much at
this point charring may occur. If the sample starts to
develop a dark color, remove it from the heat, cool
under cold water, then add 1.0 ml concentrated HNO3
and finish digesting the sample.

5. Cool the flask and add 1.0 ml H20. Reheat until perchloric acid
fumes then remove the flask and cool after approximately
1 minute.

6. Add approximately 1 ml water and 1 ml 2.5 N HC1.
7. Cool to room temperature and add 5.0 ml of stabilizing solution

(Hydroxylamine-ethylendiaminetetraacetic acid) and 2 drops of
cresol red indicator.

8. Add 5 N NH4OH until the pink solution turns straw yellow. Then
add 6 N HC1 until the solution turns a peach color.

[From this point on, all steps are carried out in dim or yellow
light.]

9. Add 5 ml DAN solution (2,3-Diaminonaphthalene) and place in 50°C
water bath for 25 minutes.

10. Transfer sample to separatory funnel (adjusting volume of
aqueous phase in separatory funnel to 50 ml) and add 5 ml of
DECALIN (Eastman No. 1905 decahydronaphthalene) and shake for
10 minutes.

11. Discard aqueous phase and wash organic phase by shaking it for
2 minutes with 50 ml 0.1 N HC1.

12. Transfer organic phase to fluorometer tubes and centrifuge for
approximately 2 minutes at moderate speed.

13. Zero fluorometer against DECALIN and read all tubes at 525 nm
within 5 minutes.

Figure 7. Procedure for the analysis of selenium.
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group of animals they were sacrificed and their tissues analyzed.

This was at about 17 weeks of age, consequently, values obtained for

these animals were used only to confirm the previous results and were

not figured into the statistical analysis of the data.

Where appropriate, a 3-way factorial analysis of variance test

was performed upon the data (see Appendix for procedures involved in

the analysis). Where proportions were being analyzed, estimated

variances were calculated as

v = pq/n ;

where v = variance, p = percent of sample demonstrating positive

response, q = percent of sample demonstrating a negative response, and

n = sample size. Estimated standard deviations were calculated as

/v /n - 1 ,

(Snedecor and Cochran, 1967). When a value deviated from the sample

mean by more than 3a it was discarded from analysis as this indicated

a less than 5% chance that it belonged to that population of values

(Snedecor and Cochran, 1967).

In graphing the results, due to the type of statistical analysis

used, standard deviations are not depicted. This is because the values

of standard deviations obtained are the result of the several factors

combined. Consequently, when graphing the relationship of one factor

to a particular parameter, the standard deviations do not apply unless

corrected for the contributions of other factors. The statistical test

used does correct for the contributions and interactions oE each factor
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upon the parameters monitored (in determining the significance of

each relation) but does not allow the corrected standard deviations

to be included in the graphs.
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III. RESULTS

Final Body Weights and Weight Changes

Mean body weights with standard deviations for each group of

animals upon sacrifice at 15 weeks of age are reported in Table 2.

Body weights of males were significantly greater (P < .001) than

those of females in all experimental groups irrespective of dietary

selenium or vitamin E levels. A statistically significant (P < .05)

response was found in body weight to dietary selenium concentration

(Figure 8). The mean body weights of animals increased as the

selenium concentration in the diets increased to 1.0 ppm. Weights of

animals receiving 5.0 ppm of selenium in their diets were only

slightly less than those of animals at the 1.0 ppm level.

In addition, there was found a statistically significant

(P < .05) response in mean body weights to the interaction of

selenium and vitamin E concentration (Figure 9). Body weights of

animals whose diets were supplemented with 50 ppm of vitamin E

increased in response to increasing selenium concentrations in a

somewhat linear fashion. Body weights of animals supplemented with

500 ppm of vitamin E showed a similar trend though their mean weights

were consistently lower than those of animals supplemented at the 50

ppm level. The weights of animals given no dietary supplement of

vitamin E, however, increased from substantially lower body weights

at the 0 ppm selenium level to substantially higher body weights at

1.0 ppm of dietary selenium. The weights of nonvitamin E-

supplemented animals decreased above the 1.0 ppm selenium level. In
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Table 2. Mean body weights (g) with standard deviations for voles
(Microtus canicaudus) after receiving different dietary
levels of selenium and vitamin E for a twelve-week period.

Sex
ppm Se
in diet

ppm vitamin E
in diet n

1

Mean body
weight (g)

26.10

S.D.

--

m

1---1

w

Z
M

0

0

50 8 34.47 7.54
500 7 32.70 4.73

0.1

0 9 34.47 4.20
50 10 35.12 5.84

500 8 33.90 4.35

1.0
0 8 40.76 4.96

50 6 32.05 4.21
500 7 32.73 5.02

5.0
0 10 36.05 4.37

50 10 34.94 4.58
500 9 34.50 8.59

w
m

,-1

m

w

0

0 2 24.40 1.84
50 8 26.17 6.35

500 8 28.26 2.21

0.1
0 9 27.67 5.71

50 9 24.59 3.31
500 6 27.26 5.53

1.0
0 5 31.92 3.95

50 10 27.14 7.82
500 9 29.60 6.07

5.0
0 8 26.15 5.80

50 9 30.34 4.50
500 5 30.48 3.26



41

33-

32-

2
30-

0

0 2 3 4
ppm Se in diet

Figure 8. Main effect of dietary selenium concentration
upon mean body weights of voles (Microtus
canicaudus).



42

38

36-

0
30-

26-

24-

............
..........b'

AIM

0 ppm Vit. E

50 ppm Vit. E

500 ppm Vit. E

...............................
....

..... .....

2

ppm Se in diet

Figure 9. Interaction of dietary selenium and vitamin E
concentrations upon mean body weights of voles
(Microtus canicaudus).



43

addition, animals at the 5.0 ppm dietary selenium level weighed less

than animals at the same selenium level which had received either

50 or 500 ppm of vitamin E in their diets. There were no significant

differences in body weights of animals from different experimental

groups at the time they were initiated into experiment (P > .05).

Body weights were recorded at two week intervals (from the

time of initiation into an experimental group until the time of

sacrifice) as it was anticipated that although animals of different

groups may reach the same final or maximum weights the patterns or

rates of weight changes may differ significantly between groups.

Mean body weight changes with standard deviations for each group

during these two-week periods are shown in Table 3. During the

second, third, and fifth periods there were significant differences

(P < .05) in weight gains between males and females. In females,

there were significant (P < .05) increases in weight in response to

vitamin E during the fifth period. During the sixth period there was

a significant (P < .05) effect of selenium upon weight changes;

weight gains were small to moderate at 0, 0.1 and 5.0 ppm of selenium

in the diets, but weight gains were substantial in animals given 1.0

ppm of selenium in their diets.

Survival and Health of Animals

The percent survival to 15 weeks of age for each group of

animals with estimated standard deviations are listed in Table 4. In

the absence of both vitamin E and selenium mortality was high and

differed significantly (P < .01) from that of other groups. As seen



Table 3. Mean body weight changes with standard deviations in voles (Microtus canicaudus) for
given two-week periods beginning at the time of initiation into an experimental group
at 3 weeks of age.

Sex ppm Se
in diet

ppm
vit. E
in diet

n
Mean weight changes for given two-week periods from initiation

into experiment
1st 2nd 3rd 4th 5th 6th

,--1

w

o

0

0 1 3.70 1.70 1.10 0.90 1.30 1.40
50 8 6.01 ± 2.84 4.70 ± 3.84 4.83 ± 2.63 1.60 ± 2.79-0.13 ± 3.48 0.68 ± 3.78

500 7 6.21 ± 2.18 4.60 ± 2.30 1.60 ± 2.67 1.56 ± 5.31 0.84 ± 2.39 0.61 ± 1.31

0.1
0 9 5.58 ± 3.83 6.63 ± 3.95 2.76 ± 2.53 0.63 ± 2.37 0.39 ± 2.26 1.43 ± 1.17

50 10 7.67 ± 2.94 4.89 ± 3.27 2.34 ± 1.61 2.24 ± 2.86 2.23 ± 2.40 0.58 ± 3.61
500 8 5.08 ± 3.57 4.35 ± 4.65 3.13 ± 2.07 2.04 ± 1.12 1.60 ± 1.80 0.76 ± 1.56

1.0
0 8 8.23 ± 1.63 6.75 ± 2.21 4.49 ± 2.28 0.93 ± 2.64 2.61 ± 4.69 1.05 ± 0.77
50 6 6.10 ± 3.32 1.43 ± 3.42 4.95 ± 4.42-0.47 ± 1.97 2.18 ± 0.95 6.87 ±14.07

500 7 5.07 ± 2.34 6.51 ± 3.00 2.67 ± 1.63 0.50 ± 2.12 1.09 ± 1.03 0.76 ± 1.09

5.0
0 10 6.96 ± 1.99 6.30 ± 2.64 1.71 ± 2.41 0.72 ± 2.66 1.97 ± 1.79 2.02 ± 2.41

50 10 6.83 ± 3.47 4.54 ± 2.38 3.24 ± 2.33 1.13 ± 3.92 2.24 ± 3.74 0.52 ± 1.45
500 9 4.91 ± 2.99 5.46 ± 3.25 3.23 ± 2.26 2.18 ± 2.87 2.70 ± 2.19-0.30 ± 2.39

ccil

,--1

o
PT-4

0

0 2 6.05 ± 2.05 0.75 ± 0.49 0.80 ± 0.85-0.45 ± 0.21 0.95 ± 1.06 1.00 ± 3.39
50 8 3.93 ± 2.82 0.48 ± 1.20 1.36 ± 2.28 0.93 ± 1.41 2.26 ± 3.09 1.61 ± 3.29

500 8 5.41 ± 2.10 0.81 ± 1.74 1.20 ± 1.70 1.25 ± 2.08 5.69 ± 5.34-1.23 ± 5.47

0.1
0 9 5.29 ± 3.22 2.51 ± 3.59-0.47 ± 4.33 1.09 ± 1.11 1.33 ± 2.50 0.52 ± 3.51
50 9 6.52 ± 1.78 1.03 ± 1.63-0.09 ± 1.20 0.96 ± 2.42 1.69 ± 0.76-0.84 ± 2.36

500 6 4.00 ± 1.73 2.37 ± 1.81 0.90 ± 1.05 2.72 ± 4.12 1.98 ± 3.89 0.97 ± 4.34

1.0
0 6 3.37 ± 2.59 2.58 ± 1.18 1.08 ± 1.51 1.22 ± 1.11 2.10 ± 1.98 5.74 ± 8.49

50 10 5.56 ± 2.93 0.78 ± 8.84-0.46 ± 1.24 0.60 ± 1.29 1.66 ± 1.96 2.37 ± 5.54
500 9 5.18 ± 2.21 1.11 ± 0.95 1.16 ± 1.28 1.74 ± 1.74 4.58 ± 4.83 0.38 ± 6.37

5.0
0 9 4.36 ± 1.74'1.96 ± 2.1 -0.33 ± 1.97 4.31 ± 6.75 0.38 ± 5.62, 1.65 ± 2.39

50 9 5.88 ± 1.91 0.17 ± 2.62 1.46 ± 2.62 1.93 ± 1.86 4.03
6.36

± 4.06 0.81
± 7.171-3.18

± 3.96
± 6.79500 1 5 4.96 ± 1.84 1.58 ± 1.36 1.30 ± 1.07 2.74 ± 1.8l
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Table 4. Percentage survival with estimated standard deviations
for voles (Microtus canicaudus) receiving different
dietary levels of selenium and vitamin E during a
twelve-week period.

Sex ppm Se ppm Vitamin E % Survival n
Estimated

S.D.

co

w
-1

Z
m

0

0 5.9 17 5.71
50 63.6 11 14.51

500 70.0 10 14.49

0.1

0 90.0 10 9.49
50 100 10 0

500 61.5 13 13.5

1.0
0 72.7 11 13.43

50 46.2 13 13.83
500 62.5 8 17.12

5.0
0 100 10 0

50 100 10 0

500 90.0 10 9.49

(1)

m

--1

m

w

0

0 18.2 11 11.63
50 80.0 10 12.65

500 80.0 10 12.65

0.1
0 90.9 11 8.67

50 90.0 10 9.49
500 54.5 11 15.01

1.0
0 46.2 13 13.83

50 100 10 0

500 81.8 11 11.63

5.0
0 80.0 10 12.65

50 90.0 10 9.49
500 50.0 10 15.81
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in Figures 10 and 11, there was a large degree of variation among

groups in terms of survival. A significant (P < .01) interaction

of sex and vitamin E concentrations upon the survival of animals

was found in the 1.0 and 5.0 ppm selenium groups, but it should be

cautioned that the small sample size may be at least partially

responsible for these results.

Table 5 presents data relating the health of experimental

animals. In both male and female animals that were fed diets absent

in vitamin E and selenium, not only was there an extremely high

percentage of mortalities but the illness preceding death was

characterized by identical symptoms in nearly all cases. In other

groups suffering substantial losses the animals showed a variety of

symptoms, indicating either death from extraneous factors or

different responses within groups to the diets. In animals deprived

of both vitamin E and selenium the syndrome suffered is best

described as "unthriftiness." Inappetence and emaciation were

common among animals in this group. Profuse serous diarrhea and

swollen eyes were observed in these animals approximately one week

before they died. By the time of death the condition of the animals

had deteriorated considerably. Often the animals were extremely

weak, possessed rough pelage and showed slight loss ofhair on the

hind limbs, flanks, and immediately anterior to the pinnae. Prior

to death of these animals, protrusion of the rectum was often

observed. Post-mortem examination of tissues showed focal necrosis

of the liver to be of widespread occurrence; occasionally progressing

to massive hepatic necrosis.
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Figure 10. Percentage survival in male voles (Microtus canicaudus) receiving different
dietary levels of selenium and vitamin E during a twelve-week period.
Vertical lines represent estimated standard deviations.
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dietary levels of selenium and vitamin E during a twelve-week period.

Vertical lines represent estimated standard deviations. co



Table 5. Health data for voles (Microtus canicaudus) receiving different dietary levels of selenium
and vitamin E during a twelve-week period.

Sex
ppm Se

in
diet

ppm
vitamin E
in diet

n Died Diarrhea
Rectal

distention
Swollen

eyes
Loss of

equilibrium
Excessive
hair loss

Liver
necrosis

v coI
a)Z

0

0 17 16 15 12 16 -- -- 8
50 11 4 1 -- -- -- --

500 10 3 2 -- -- -- -- --

0.1
0 10 1 -- -- -- 1 --

50 10 0 -- -- -- -- -- --
500 13 5 -- -- -- -- --

1.0
0 11 3 -- -- -- -- -- --

50 13 7 -- -- -- 1 1
500 8 3 1 -- -- 1 -- --

5.0
0 10 0 -- -- -- -- 1 --

50 10 0 -- -- -- 2

500 10 1 -- -- -- -- -- --

C

r-i

al

E

w

0

0 11 9 8 5 9

50 10 2 1 --
500 10 2 1 -- -- --

0.1
0 11 1 -- -- -- -- --

50 10 1 -- -- -- -- --
500 11 5 -- -- --

1.0
0 13 7 1 -- -- -- --

50 10 0 -- -- -- -- --
500 11 2 1 -- -- 1 --

5.0
0 10 2 -- -- 1

50 10 1 -- -- -- -- --
500 10 5 -- -- -- -- --
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These symptoms found in the vitamin E and selenium deficient

animals appeared between the seventh and ninth weeks of age in most

instances. In the repeat group of animals on this diet, however,

though the symptoms were identical, they did not appear until the

eleventh to thirteenth weeks of age. This may be an indication of

selenium or vitamin E transfer across the placenta or in the milk,

as the parents of these animals were not placed on the deficient

diet until the female was in late pregnancy. This is in contrast to

the first group of experimental animals which were offspring of

animals receiving deficient diets at least one month prior to giving

birth. Another possible factor which may explain the delay of the

second group of animals in manifesting symptoms of nutritional

deficiencies is the fact that these animals were housed in close

association with selenium adequate and seleniferous animals. They

may have been able to absorb enough selenium in the selenide form

(a possible detoxification product released in the respiration of

seleniferous animals) to temporarily ward off deficiencies.

Diarrhea and liver necrosis were found in animals from other

groups though not to the same extent as in the 0 ppm selenium and

vitamin E groups. A loss of equilibrium was observed in three of the

sixty-seven animals at the 1.0 ppm selenium level (in two of these

animals diarrhea was also seen). These animals were unable to move

about without losing their balance and stumpling. In one case mus-

cular tremors were observed. Extensive alopecia (involving from

one-fourth to one-half of the body surface) occurred in animals from

the 0.1, 1.0, and 5.0 ppm selenium supplemented groups. In the
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alopecic animals, however, no other ill effects were noted and most

of these animals gradually regained their pelage.

Organ Weights and Selenium Concentrations

Mean organ weights and standard deviations for each group are

presented in Table 6. Significant differences in organ weights were

not detected among groups with respect to brain, heart or kidney

(P < .05).

Liver weights within each group were found to be proportional

to body weights in nearly all groups. There appeared to be no

pattern as to which groups showed low correlations (r < .8). After

taking into account the small sample sizes, genetic differences and

the possibility of experimental error, changes in liver weights were

analyzed with respect to experimental conditions in terms of body

weights (i.e., as though a correlation with body weight existed).

Table 7 lists the mean proportion of total body weight comprised by

the livers, standard deviations, the correlation coefficients (r),

and the slope (m) of the regression lines between liver and body

weights within each group. As the selenium level of the diet

increased the percentage of total body weight comprised by the liver

was seen to significantly (P < .05) increase as well (Figure 12).

Testes weights were not found to be proportional to body

weight, but when analyzed apart from body weight were found to be

significantly different with respect to selenium concentrations in

the diet (P < .001) and vitamin E concentrations of the diet

(P < .001) (Figures 13 and 14). At 0 ppm of selenium in the diet



Table 6. Mean organ weights with standard deviations for voles (Microtus canicaudus) after
receiving different dietary levels of selenium and vitamin E for a twelve-week period.

Sex
ppm Se

in

diet

ppm
vit. E
in diet

n
Mean organ weight (mg) ± standard deviation

Brain Heart Liver Kidney
247.30

Testes
100.9

m
w

,--1

m

0

0 1 641.20 96.40 1227.10
50 8 542.38 ± 59.97 117.92 ± 25.60 1494.75 ± 361.92 280.93 ± 67.43 274.61 ± 65.69

500 7 548.00 ± 46.01 125.35 ± 21.70 1448.84 ± 303.65 329.45 ± 42.73 283.88 ± 46.95

0.1
0 9 577.84 ± 81.89 125.66 ± 17.48 1512.02 ± 229.28 341.28 ± 45.25 269.10 ± 58.48

50 10 574.19 ± 61.95 126.53 ± 16.06 1462.03 ± 179.85 326.33 ± 57.59 287.71 ± 62.52
500 8 548.05 ± 27.21 136.51 ± 21.29 1378.98 ± 203.07 327.40 ± 49.60 290.22 ± 57.68

1.0
0 8 539.35 ± 46.79 148.03 ± 24.35 1909.20 ± 549.78 380.00 ± 61.68 256.15 ± 89.06

50 6 540.56 ± 49.53 119.13 ± 21.23 1305.71 ± 205.46 303.25 ± 41.43 301.11 ± 53.88
500 5 549.64 ± 70.73 125.02 ± 13.77 1499.20 ± 232.00 366.28 ± 78.67 281.70 ± 22.46

5.0
0 9 518.27 ± 46.63 129.76 ± 21.76 1604.56 ± 414.07 343.41 ± 61.22 254.34 ± 36.32

50 10 555.39 ± 40.91 132.32 ± 16.83 1633.31 ± 292.44 349.11 ± 60.66 288.20 ± 40.29
500 9 546.58 ± 56.29 124.03 ± 26.30 1498.94 ± 275.37 338.03 ± 96.01 284.81 ± 60.44

m

,--1

E
w
4.,

0

0 2 599.80 ± 1.69 94.50 ± 4.94 961.10 ± 123.88 220.65 ± 43.34
50 7 512.64 ± 62.46 103.82 ± 13.63 1125.47 ± 314.97 245.25 ± 61.40

500 8 545.70 ± 59.66 108.22 ± 15.18 1345.07 ± 259.97 240.91 ± 36.28

0.1
0 9 517.07 ± 56.25 113.51 ± 20.71 1432.99 ± 423.52 236.79 ± 38.96

50 9 499.46 ± 69.20 113.48 ± 15.59 1237.65 ± 288.55 243.02 ± 99.02
500 6 510.40 ± 91.48 112.76 ± 20.82 1548.10 ± 431.78 248.36 ± 33.28

1.0
0 5 546.84 ± 44.16 109.56 ± 21.46 1583.02 ± 653.55 241.54 ± 48.51

50 6 515.77 ± 45.18 106.48 ± 20.86 1310.43 ± 442.65 251.30 ± 54.53
500 9 513.84 ± 85.81 105.47 ± 16.63 1385.75 ± 341.81 243.77 ± 45.24

5.0
0 9 570.22 ± 39.31 116.58 ± 21.00 1598.22 ± 566.85 255.55 ± 57.50

50 9 560.57 ± 51.21 114.00 ± 16.46 1749.18 ± 388.41 278.33 ± 38.81
500 5 642.26 ± 55.14 109.20 ± 18.37 1621.60 ± 142.12 250.57 ± 25.74
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Table 7. Statistics for liver weights presented in terms of total
body weight for voles (Microtus canicaudus) after
receiving different dietary levels of selenium and
vitamin E for a twelve-week period.

Sex
ppm Se

in

diet

ppm
vitamin E
in diet

n
% total body weight
comprised by liver

± S.D.
r m

m
w
.-1

Z
m

0

0 1 8.70
50 8 4.36 ± .58 .940 .05

500 7 4.43 ± .65 .849 .09

0.1
0 9 4.43 ± .51 .906 .08

50 10 4.21 ± .44 .876 .04

500 8 4.06 ± .29 .839 .06

1.0
0 8 4.64 ± 1.07 .841 .15
50 6 4.07 ± .32 .814 .06

500 5 4.42 ± .20 .796 .05

5.0

0 9 4.38 ± .65 .922 .10
50 10 4.67 ± .46 .949 .08

500 9 4.41 ± .45 .905 .04

w
m

,--i

m

w
p..4

0

0 2 3.93 ± .21 .978 .07

50 7 4.27 ± .84 .879 .06
500 8 4.77 ± .89 .903 .08

0.1

0 9 5.12 ± .80 .909 .08

50 9 5.07 ± 1.25 .711 .10
500 6 5.55 ± 1.18 .956 .08

1.0
0 5 5.04 ± .87 .874 .05

50 6 4.89 ± 1.28 .920 .10

500 9 4.69 ± .74 .821 .06

5.0

0 9 5.42 ± 1.10 .916 .11

50 9 5.72 ± .65 .952 .10
500 5 5.36 ± .68 .951 .08
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Figure 12. Main effect of dietary selenium concentrations
upon mean liver weights (reported as % of total

body weight) in voles (Microtus canicaudus)
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mean testes weights were lowest. The maximum testes weights with

respect to selenium were found in the 0.1 ppm selenium supplemented

group. Testes weights of animals at 1.0 and 5.0 ppm of dietary

selenium were not significantly different (P < .05) and the means

of both groups were intermediate to those for animals at 0 and 0.1

ppm of dietary selenium. With respect to dietary vitamin E concen-

trations there was no significant difference between animals at the

50 and 500 ppm levels, but these groups had considerably higher mean

testes weights than animals given no vitamin E. The testes weights

of animals on the 0 ppm selenium and vitamin E diets (both the first

and second experimental groups) were extremely low, from 25 to 100 mg.

Selenium analysis was performed on wet tissues (Table 8) and,

from dry weight determinations of identical samples, selenium concen-

trations were calculated ona dry weight basis (Table 9). Figures 15

and 16 present data of tissue selenium concentrations on a dry weight

basis for males and females, respectively. The kidney and liver

reached the highest selenium concentrations, followed by testes,

heart, and brain in decreasing order. The patterns of selenium

concentration varied among the different tissues. It is important

to note that at the 0 ppm dietary selenium level in kidney, brain,

and testes, selenium concentrations exceeded those for the same

tissues at the 0.1 ppm selenium level. Selenium values for heart

were nearly equivalent in the two groups. Since deficient animals

were housed in a separate room (see Materials and Methods section

for explanation), and since their higher selenium concentration

values were contrary to expectations, contamination was suspected.
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Table 8. Selenium concentration (ppm) of composite samples of
selected tissues (wet weight basis) for voles
(Microtus canicaudus) after receiving different dietary
levels of selenium and vitamin E for a twelve-week
period.

Sex
ppm Se

in

diet

ppm
vitamin E
in diet

n
ppm Se (wet tissue basis)

Brain Heart Liver
.068

Kidney
.795

Testes
.636

,--4

w

Z0

0

0 1 .168 .218

50 8 j .084 .057 .090 .425 .400
500 7 .046 .069 .012 .194 .338

0.1

0 9 .079 .196 .116 .318 .287

50 10 .068 .082 .194 .439 .244
500 8 .067 .090 .246 .541 .189

1.0
0 8 .102 .216 .872 .436 .417

50 6 .213 .376 1.250 .673 .604
500 7 .196 .351 1.082 .558 .977

5.0
0 10 .216 .440 1.860 1.904 .593

50 10 .313 .340 1.720 2.059 .725
500 9 .208 .291 1.494 1.539 .500

wm
-1
cd

w
P.,

0

0 2 .222 .183 .183 .861

50 8 .160 .068 .153 .667
500 8 .162 .101 .160 .592

0.1
0 9 .072 .128 .261 .491

50 9 .056 .121 .281 .392
500 6 .061 .361 .385 .690

1.0
0 5 .101 .357 .808 1.111

50 10 .350 .360 1.680 1.672
500 9 .196 .352 1.040 1.002

5.0
0 8 .210 .324 1.467 2.046

50 9 .456 .241 1.685 2.097
500 5 .294 .121 1.622 1.695
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Table 9. Selenium concentrations (ppm) of composite samples of
selected tissues (dry weight basis as calculated from wet
tissue data) for voles (Microtus canicaudus) after
receiving different dietary levels of selenium and
vitamin E for a twelve-week period.

Sex ppm Se
ppm

vitamin E n
ppm Se (dry tissue basis)

Brain Heart Liver Kidne Testes

m
w

0

0 1 .80 1.04 .23 3.18 4.89
50 8 .40 .27 .30 1.70 3.08

500 7 .22 .33 .04 .78 2.60

0.1
0 9 .38 .93 .39 1.27 2.21

50 10 .32 .39 .65 1.76 1.88
500 8 .32 .43 .82 2.16 1.45

1.0
0 8 .49 1.03 2.91 1.74 3.21

50 6 1.01 1.79 4.17 2.69 4.65

500 7 .93 1.67 3.61 2.23 5.21

5.0
0 10 1.03 2.09 6.20 7.62 4.56

50 10 1.49 1.62 5.73 8.24 5.58

500 9 .99 1.36 4.98 6.16 3.85

w
m

t
E

4.1

0

0 2 1.06 .87 .61 3.44
50 8 .76 .32 .51 2.67

500 8 .77 .48 .53 2.37

0.1

0 9 .34 .61 .87 1.95
50 9 .27 .58 .91 1.57

500 6 .29 1.72 1.28 2.76

1.0
0 5 .48 1.70 2.69 4.44

50 10 1.67 1.80 5.60 6.69
500 9 .93 1.68 3.47 4.01

5.0

0 8 1.00 1.54 4.89 8.18
50 9 2.17 1.15 5.62 8.39

500 5 1.40 .58 5.41 6.78
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Figure 15. Selenium concentrations (dry weight basis) determined
from composite samples of selected tissues from male
voles (Microtus canicaudus) after receiving different
dietary levels of selenium and vitamin E for a
twelve-week period.
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Figure 16. Selenium concentrations (dry weight basis) determined
from composite samples of selected tissues from
female voles (Microtus canicaudus) after receiving
different dietary levels of selenium and vitamin E
for a twelve-week period.
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Duplicate samples from selenium and vitamin E deficient animals that

were housed in the same room as the selenium supplemented animals

were analyzed. These animals showed the same high values. Duplicate

samples from other groups were unavailable. To determine the accuracy

of the selenium analyses, three samples were analyzed of bovine liver

(N.B.S. standard reference material) assayed at 1.1 ± 0.1 ppm of

selenium. The values obtained for these samples were 1.02, 1.00, and

0.95 ppm of selenium. In further considering possible causes for the

discrepancy from expected results it should be noted that in three

cases, where one of a pair of animals died, the carcass was partially

cannibalized by the surviving animal. Rats have been found to eat

the remains of other rats; showing a preference for those tissues

normally containing the highest selenium concentrations (Paul Weswig,

personal communication). Certainly such behavior would increase the

amount of selenium taken in by the animal but it is not thought by

itself to be sufficient nor its occurrence widespread enough to raise

the tissue concentrations the five-fold necessary to exceed those

from animals given the 0.1 ppm selenium supplemented diets.

Furthermore, it does not account for the occurrence of excessive

selenium in only certain tissues. Thus, despite their counter

intuitiveness these data for tissue selenium concentrations are

considered valid for the following reasons.

1. Duplicate samples from deficient animals housed in

different rooms showed the same high values for brain,

kidney, and testes.
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2. Procedures did not vary between groups and caution was

taken during dissection and preparation of tissues for

analysis to prevent contamination.

3. If contamination occurred as a result of housing or

handling procedures, it should be reflected in all

tissues rather than selected ones.

4. Analysis of diets did not reveal any contamination.

5. It is very unlikely that contamination of only certain

samples occurred during the analysis of deficient

animal tissues in three separate determinations rather

than occurring at random.

6. The analysis of bovine liver standard supported the

accuracy and consistency of values arrived at.

7. The occurrence of partial cannibalism within this

group is not considered sufficient to produce the

results observed.

While the values of selenium concentration in the various

tissues must be considered reasonably accurate, it should be

pointed out that, because of differences in tissue weights and

sample sizes between groups, the values as presented do not give

an adequate picture of selenium concentrations for tissues of

animals receiving different amounts of selenium in their diets.

Table 10 presents the mean concentrations (ppm) for tissues of

males and females at different levels of dietary selenium after

correcting for sample size and tissue weights. This was done by
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Table 10. Mean selenium concentrations (ppm) of composite samples
of selected tissues (dry weight basis) for voles
(Microtus canicaudus) after receiving different dietary
levels of selenium for a twelve-week period.

Sex _Rpm Se n
Mean dry weight [Se] ppm

Brain Heart Liver Kidney Testes

m
w

Z
v-It

0 16 0.351 0.231 0.183 1.334 2.900

0.1 27 0.340 0.578 0.608 1.709 1.854

1.0 21 0.771 1.404 3.404 2.132 4.239

5.0 29 1.186 1.692 5.655 7.383 4.705

m

,-1

cd

E
w

0 18 0.804 0.456 0.530 2.612

0.1 24 0.302 0.875 0.998 2.05

1.0 24 1.031 1.721 3.844 4.939

5.0 22 1.537 1.187 5.301 7.977
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calculating concentrations in ppm from values of total selenium (pg)

and total tissue weight for the tissues of each group. These data

are represented graphically in Figures 17 and 18. This to some

degree reduces the discrepancy between tissue selenium values of

the 0 and 0.1 ppm selenium groups. Table 11 lists the mean

selenium values of the 0 and 0.1 ppm selenium content (pg) per

organ per selenium group. From these values it is seen that for

males it is only in the testes that the level of selenium for

animals on the 0 ppm selenium diet exceeds that of the 0.1 ppm

selenium supplemented animals. For females, however, mean

selenium content of kidney and brain was lower in animals on the

0.1 ppm selenium diet than in animals on the deficient diet.

Glutathione Peroxidase Activity

Glutathione peroxidase activities of blood are recorded for

each troup in Table 12. Abnormally high or low values occurred in

certain of the groups and were discarded from the analysis if they

were 3u from the mean of the other values (this signified a less

than 0.005 probability of being a true value for that group).

Analysis of blood samples revealed GSH-Px activity to be

significantly (P < .001) related to the selenium status of the

animal (Figure 19); enzyme activity increasing with dietary

selenium concentrations. Following a rapid increase in GSH-Px

activity in animals from the 0 to 1.0 ppm selenium groups, the
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Figure 17. Mean selenium concentrations in selected tissues of female voles (Microtus

canicaudus) after receiving different dietary levels of selenium for a
twelve-week period.
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Figure 18. Mean selenium concentrations in selected tissues of male voles (Microtus canicaudus)

after receiving different dietary levels of selenium for a twelve-week period.
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Table 11. Mean selenium content (pg) per organ for voles
(Microtus canicaudus) receiving different dietary
levels of selenium for a twelve-week period.

Sex
ppm Se
in diet n

Mean amount of Se (pg) per organ
Brain Heart

.04

Liver

.27

Kidney

.40

Testes

.78

m
w
r-i

m

0 16 .19

0.1 27 .19 .07 .07 .85 .52

1.0 21 .38 .17 4.96 .68 1.06

5.0 29 .62 .21 8.63 2.45 1.25

w
,---1

m
F1

w
w

0 18 .43 .05 .61 .59

0.1 24 .15 .10 1.39 .49

1.0 24 .45 .15 4.52 1.01

5.0 22 .94 .14 9.21 2.20
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Table 12. Mean glutathione peroxidase activity of blood with
standard deviations for voles (Microtus canicaudus)
after receiving different dietary levels of selenium
and vitamin E for a twelve-week period.

Sex ppm Se
ppm

vitamin E
Mean GSH-Px activity
A
nm

NADPH /min/Hb mg
ox

n S.D.

w
,--1

m

Z
m

0

0 0.68 1

50 2.40 7 2.03
500 2.69 5 1.91

0.1
0 28.51 8 13.09

50 37.82 8 4.84
500 29.75 7 12.8

1.0
0 45.15 6 6.81

50 34.30 6 21.01
500 33.20 5 22.32

5.0
0 35.43 10 22.53

50 44.51 10 21.21
500 39.21 8 19.89

w
m

,--1

m
0

r..,

0

0 0.47 2 0.12
50 10.01 7 9.60

500 8.03 7 7.95

0.1
0 20.84 9 11.48

50 17.12 9 10.83
500 26.15 6 12.78

1.0
0 49.06 4 6.44

50 45.01 9 14.97
500 49.73 8 10.27

5.0
0 51.12 7 12.85

50 50.15 8 20.59
500 55.07 5 15.17
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ppm Se in diet

Figure 19. Main effect of dietary selenium concentrations
upon glutathione peroxidase activity in the
blood of voles (Microtus canicaudus).
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mean GSH-Px activity appeared to approach an asymptotic maximum

despite an increase of selenium in the animals' diets, When

activity values for males and females were plotted separately,

however, an asymptotic curve was no longer seen. Females reached

significantly higher (P < .05) levels of blood GSH-Px activity

and showed a greater tendency for GSH-Px activity to continue

increasing above the 1.0 ppm dietary selenium level than did

males (Figure 20). A significant (P < .05) interaction of

selenium and vitamin E concentrations and sex upon GSH-Px activity

was also found (Figures 21 and 22). In both sexes vitamin E

caused GSH-Px activities to continue increasing above the 1.0 ppm

selenium level. In contrast, the absence of vitamin E in the

diet resulted in a substantial decrease in GSH-Px activity in

males between the 1.0 and 5.0 ppm levels of selenium supplemen-

tation. In females mean GSH-Px activity of non-vitamin E-

supplemented animals decreased only slightly between animals at

the 1.0 and 5.0 ppm selenium levels. Also noted was the fact

that in males at 1.0 ppm of selenium the mean GSH-Px activity of

animals not receiving vitamin E supplementation was higher than

for those animals receiving vitamin E. Figures 23 and 24

graphically present the data of GSH-Px in the different

experimental groups.



72

50

20

10

OSIii.1110.7=a.1.. Females

Males

1 2 3 4 5

ppm Se in diet

Figure 20. Interaction of sex and dietary selenium
concentrations upon glutathione peroxidase
activity in the blood of voles (Microtus
canicaudus).
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Figure 21. Interaction of dietary selenium and vitamin E
concentrations upon glutathione peroxidase
activity in the blood of male voles (Microtus

canicaudus).
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Figure 22. Interaction of dietary selenium and vitamin E
concentrations upon glutathione peroxidase
activity in the blood of female voles (Microtus
canicaudus).
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Glutathione peroxidase activity in the blood of male voles (Microtus canicaudus
receiving different dietary levels of vitamin E and selenium. Vertical lines
represent standard deviations.
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Reproductive Data for Males

Sperm motility and viability are reported in Table 13. There

were no significant differences (P > .05) between selenium or vitamin

E levels in the diets with respect to percentage of motile and viable

sperm. Only one male was examined from the first vitamin E and

selenium deficient group (all others died during the course of the

experiment) and motility and viability values for this animal were

very low. From the second group of deficient animals, four

additional males were examined. In all four cases sperm concentra-

tion was markedly reduced (spermacrasia) and all sperm found

showed no motility (necrospermia).

Reproductive Data for Females

Reproductive data for mated females are reported in Table 14.

From these data, fertilization rate, mean number of implantations

per gestation period per animal, number of births per gestation

period per 100 females, percentage survival of young and percentage

survival from implantation to birth are calculated as follows.

Fertilization rate = [(placental scars + embryos)/(corpora

albicans + corpora lutea)] x 100.

Implantation rate = (embryos + placental scars)/(mean

gestation period x n).

Birth rate = # young/(gestation period x n) x 100.

% survival of young = (# young surviving!# young born) x 100.



Table 13. Sperm motility and viability with estimated standard deviations for male voles (Microtus
canicaudus) after receiving different dietary levels of selenium and vitamin E for a
twelve-week period.

ppm Se
in diet

ppm
vitamin E in diet n

% sperm in each motility class % sperm rated
> 2 ± est.

S.D.

% viable
sperm ±
est. S.D.0 1 2 3 4

0
0 1 86.0 14.0 0 0 0 0 70

50 8 26.3 35.0 5.0 31.7 2.0 33.7 ± 16.7 87 ± 7.4
500 7 19.2 32.3 3.0 42.5 3.0 45.5 ± 18.8 83 ± 9.3

0.1
0 9 24.5 27.9 2.8 40.8 4.0 44.8 ± 16.6 88 ± 5.0

50 10 24.0 35.7 3.0 34.3 3.0 37.3 ± 15.3 90 ± 8.0
500 8 18.0 36.0 5.0 38.2 2.8 41.0 ± 17.4 89 ± 6.3

1.0
0 8 19.2 33.3 2.0 40.5 5.0 45.5 ± 17.6 80 ± 4.7

50 6 25.0 35.0 6.0 33.6 0.4 36.0 ± 19.6 83 ±12.6
500 7 19.0 17.0 0 57.0 7.0 64.0 ± 18.1 89 ± 9.1

5.0
0 10 22.5 26.6 2.9 44.7 3.3 48.0 ± 15.8 91 ± 7.0

50 10 15.0 33.4 1.8 47.2 2.6 49.8 ± 15.8 95 ± 4.0
500 9 14.3 33.8 1.8 42.6 7.5 50.1 ± 16.7 88 ± 8.3



Table 14. Reproductive data for female voles (Microtus canicaudus) receiving different dietary
levels of selenium and vitamin E during a twelve-week period.

ppm Se
in diet

ppm
vit. E
in diet n

Total
days
mated

Mean
gestation
period

Corpora
albicans &
Corpora
lutea

Placental
scars

No.
embryos

at time of
sacrifice

No.

young
0

No.

litters
0

No.

young
surviving_

0
0

0 3 101 1.60 2 0 0

50 7 201 1.37 22 4 9 3 2 2

500 8 210 1.25 28 15 9 12 3 11

0.1
0 8 294 1.75 19 8 7 4 1 3

50 8 308 1.83 10 5 4 4 1 0
500 6 221 1.75 32 14 16 13 3 13

1.0
0 6 233 1.85 17 5 9 4 1 4

50 10 319 1.52 23 0 14 0 0
500 8 270 1.61 24 5 15 5 2 4

5.0
0 10 336 1.60 42 18 20 17 3 5

50 9 337 1.78 43 15 25 15 4 7

500 8 246 1.46 31 10 16 10 3 4
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% survival from implantation to birth = (11 young/placental

scars) x 100.

These values are presented in Table 15. The data indicate a

relationship between selenium and vitamin E in respect to several of

these parameters. The fertilization rate increases somewhat with

the selenium concentrations. The number of implantations increase

with both selenium and vitamin E concentrations. A relationship

between nutrients and birth rates is less clear. Vitamin E appears

to be effective in reducing fetal resorption. At 5.0 ppm of dietary

selenium the survival of young is drastically reduced. At this

level of selenium in the diet it appeared that there was poor

lactation in females. Maximum survival of young occurred in the 1.0

ppm selenium group. It should, however, be noted that further study

is required to confirm these findings.



Table 15. Calculated reproductive values for female voles (Microtus canicaudus) receiving
different dietary levels of selenium and vitamin E during a twelve-week period.

ppm Se
in diet

ppm
vitamin E
in diet

Fertilization
rate

Mean no. of
implantations per
gestation period

Birth
rate

% survival
young

% survival from
implantation to

birth

0
0 0 0 0 -- --

50 59 1.36 31 67 75
500 93 2.40 120 92 80

0.1
0 79 1.07 29 75 50

50 90 .61 37 0 80
500 94 2.86 124 100 93

1.0
0 82 1.26 36 100 80

50 61 .92 0 --
500 83 1.55 39 80 100

5.0
0 90 2.38 106 29 94

50 93 2.50 94 47 100
500 84 2.23 86 40 100
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IV. DISCUSSION

Experimental animals used in this study were obtained from

an outbred colony of voles (M. canicaudus). Consequently, it should

be expected because of the genetic spectrum represented, that a

large degree of variation be found in the data. The obvious draw-

back to this approach is that specific effects of various dietary

amounts of selenium and vitamin E upon this species are less finely

characterized without the use of large sample sizes which present

logistic problems. An advantage however, is that results obtained

from such animals more accurately depict the effects and extent of

responses in voles in their natural environment.

Final Body Weights and Weight Changes

Body weights of voles were shown to increase with selenium

concentrations in the diet to a maximum at about 1.0 ppm. In animals

receiving 0 ppm of vitamin E in their diets, final body weights

indicated that growth in M. canicaudus responds dramatically to

selenium. Vitamin E produced increased body weights in animals on the

0 ppm selenium diet while preventing the decline in body weights at

the 5.0 ppm dietary selenium level (seen in animals not given vitamin

E supplements). These findings indicate that decreased growth in

voles is to some extent a vitamin E-responsive as well as a selenium-

responsive condition, and that selenium at the dietary level of 5.0

ppm may have a slightly toxic effect upon voles which is ameliorated

by vitamin E. No explanation is offered for the apparent effect of
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vitamin E in limiting maximal growth in groups intermediate in

selenium dosage to the extremes.

Poor growth has been recognized in a number of animals as a

selenium deficiency sign (Scott, 1973). Frost and Lish (1975)

reported that poor growth in mice is occasionally a symptom of

selenium deficiency and that in hamsters poor growth is a pronounced

selenium deficiency symptom. Frost and Lish (1975) did not discuss

the role of vitamin E in either species. Results in this study

indicate that reduced growth rates in voles are more responsive to

selenium than to vitamin E yet both nutrients play a part as seen in

the fact that reduced growth is more pronounced in animals on the

basal (0 ppm vitamin E and selenium) diet. McCoy and Weswig (1969),

however, found that in rats poor growth was responsive to selenium

but not vitamin E. It is not known to what extent reduced growth in

voles is due to inappetence as opposed to metabolic changes.

That vitamin E is able to protect voles to some degree from

selenosis agrees with the observations of Witting and Horwitt (1964)

that vitamin E-deficient rats were more susceptible to selenium

intoxication than were vitamin E-supplemented rats. Morss and

Olcott (1967), however, reported that vitamin E alone appeared to

have no effect in altering the toxicity of selenium in rats. The

explanation for these observations perhaps lies in the fact that

vitamin E in combination with methionine has been shown to offer

significant protection against liver damage due to selenium

(Levander and Morris, 1970).
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The patterns of weight changes were greatly variable both

among individuals and groups and not until the latter part of the

experimental period did either vitamin E or selenium become

influential in terms of weight changes. However, this is not to

say that differences between groups in mean total weight did not

become evident earlier. The total weight gains in selenium defi-

cient voles agreed with findings for rats which showed reduced

weight gains in deficient animals (Burk et al., 1972). The effect

of vitamin E upon weight changes of females between the eleventh and

thirteenth weeks of age may reflect the pregnancy rates of females

in different groups and differences in fetal resorption as a result

of vitamin E deficiencies. The effect of selenium upon weight

changes during the thirteenth to fifteenth weeks of age seemed to be

primarily reduced growth or loss of weight in deficient and seleni-

ferous animals. Indeed the optimal dietary selenium level in voles,

in terms of total body weights and weight gains, appears to be 1.0

ppm.

The mating of animals during the course of this study did

present a problem in that differences between groups in pregnancy

rates may have affected the analysis of female weights. Although

the same patterns in total body weights at the conclusion of the

study between males and females suggests that this was not a serious

problem. It is recommended that repeat studies be conducted to

confirm these patterns. Also affecting weight data are the extremely

small sample sizes in the male and female deficiency groups. Though

regrettable, it did not seem to greatly alter the results but rather
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made them more conservative due to the fact that within these two

groups the animals which died during the course of the experiment

were at the time of death generally much smaller than the animals

which survived. Thus, had these animals survived, the means for

these groups would probably have been smaller thereby accentuating

the differences between selenium and vitamin E groups.

Survival and Health of Animals

Animals raised on diets deficient in both vitamin E and

selenium were subject to an unthrifty condition similar in many

respects to that described by Andrews et al. (1968) for sheep and

cattle. This condition was characterized in voles by inappetence,

severe weight loss, loss of condition (i.e., rough pelage and

appearance of listlessness), profuse diarrhea, and swelling of

eyes. Also seen was a high incidence of liver necrosis.

This syndrome seemed to show a greater responsiveness to

selenium than vitamin E though both nutrients may play a role. As

indicated above (Results section), in a repeat of the vitamin E and

selenium deficient groups the same syndrome was found to occur at a

later date (during the eleventh to thirteenth weeks) in the experi-

ment. This period of delay (approximately four weeks)' is most

likely due to differences in selenium and vitamin E concentrations

of the offspring at birth, and may have resulted from differential

transfer of these nutrients across the placenta and in the milk

because of different nutrient statuses in the mothers. McCoy and

Weswig (1969) demonstrated that the first generation of young born



86

to rats placed on selenium deficient (but vitamin E adequate) diets

failed to develop selenium deficiency signs. Their offspring

(second generation offspring), however, did develop symptoms of

selenium deficiency, thereby indicating the importance of selenium

transfer from mother to young. Wright and Bell (1964) noted that

vitamin E did not affect the transfer of selenium across the

placental membrane and Cheeke et al. (1969) found that selenium

decreased the amount of vitamin E transferred across the placenta.

This suggests that the amount of selenium transferred from the

mother to the young may be the most important factor in the delay

of this syndrome.

The conditions seen in nondeficient animals (loss of equilib-

rium, severe alopecia, and diarrhea) may represent varied responses

to the ingestion of selenium over long periods of time. However,

only a few of the selenium-supplemented animals demonstrated these

conditions and these cases were not confined to a single dietary

selenium level. This is perhaps demonstrative of a wide range of

sensitivities and responses to the dietary nutrient levels tested

(if the conditions manifested are in fact symptomatic of nutrient

imbalance). In the majority (approximately 80%) of selenium-

supplemented animals that died during the course of this study no

signs of illness were seen. Thus, it is not known whether the

animals died of extraneous factors or if they were indeed suffering

from selenium deficiencies or toxicity. It is possible, since no

gross pathologies were noted associated with these deaths and since

nonexperimental voles in the Animal Care Facilities did die
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unexpectedly during this period also, that a disease unrelated to

the experiment may have entered the colony. While the direct cause

of death may have been a disease extraneous to the experiment,

indirectly the selenium and/or vitamin E status of the experimental

animals could possibly have contributed to a greater susceptibility.

Organ Weights and Selenium Concentrations

The proportion of total body weight comprised by liver

increased with selenium concentration in the diet. These differences

in liver growth and development reflect a high requirement of

selenium to insure its integrity. Schwarz (1958) reported that

during the initial phase of necrotic liver degeneration the tissue

while appearing normal macroscopically and microscopically may

demonstrate metabolic insufficiency. In the latent stages there is

a respiratory decline in the tissue as well as degenerative micro-

bodies yet no visible signs of necrosis macroscopically. It may be

the case that relative size of the livers reflect tissue health.

While only the smallest livers showed visible signs of necrosis,

many of the livers from animals supplemented with 0.1 and even 1.0

ppm of selenium may have been in the initial phases of selenium

deficient liver necrosis. That is, their operation at marginal

efficiencies was reflected in liver weights. Consequently, future

histopathological evaluation seems appropriate.

Testes weights were responsive to both selenium and vitamin

E. The need for selenium to promote testes growth agrees with the

findings of McCoy and Weswig (1969) in rats, but their studies
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showed no requirement for vitamin E as was found for voles. As

mentioned above (Results section) the testes weights of animals in

the repeated deficiency group were lower even than reported from the

first group thereby confirming the importance of these nutrients in

testes development. Recently, Whitfield (personal communication),

also working with M. canicaudus, found extremely small testes (about

40 mg) in animals raised on diets deficient in selenium but thought

to be adequate in vitamin E (20 ppm). This suggests that vitamin E

may not play as important a role as this study indicates. Certainly

more work is required to elucidate testes response to these nutrients.

The values arrived at for selenium concentrations in tissues

are considered accurate (see discussion in Results section). Also,

it is believed that the values of selenium concentration on a dry

basis determined from wet tissue data are more realistic as Heinrich

and Kelsey (1955) showed significant losses in selenium when tissues

were dried before analysis. Diplock (1973) has reported a substantial

amount of tissue selenium to be present in the form of selenides when

vitamin E is present. Therefore, comparison of selenium content on

a dry basis between animals receiving different levels of vitamin E

is thought to be more accurate when values are determined as in

this study. That vitamin E acts to increase the amount of selenium

in the volatile selenide form may partially explain the lower

selenium concentrations in tissues at higher dietary vitamin E

concentrations. In lambs vitamin E was not found to affect absorp-

tion and retention of selenium in the tissues (Ehlig et al., 1967).
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In order of greatest selenium concentration the tissues are

ranked as follows: kidneys, liver, testes, and brain and heart (on

a per gram basis). Data for selenium content in tissues sampled

agreed with the findings of Brown and Burk (1973) for rats; that is,

females tended to show greater accumulation of selenium. Selenium

accumulation is generally greater in detoxifying organs (e.g.,

liver and kidneys), which is in agreement with selenium deposition

in voles.

The pattern of selenium accumulation has been shown to vary

between selenium deficient and nondeficient animals. Animals

receiving low levels of selenium concentrate the greatest amount in

their kidneys, whereas animals given higher selenium doses concen-

trate the highest levels in the liver, followed by the kidneys

(Cousins and Cairney, 1961; Allaway et al., 1966; Hidiroglou et al.,

1969). This is contrary to the patterns in voles in which kidneys

had a greater selenium concentration than liver at all dietary

selenium levels tested.

The higher than expected concentrations of selenium in

certain tissues of selenium deficient animals is perhaps best

explained in terms of absorption and retention patterns. Burk

et al. (1972) found in rats a significant effect of dietary selenium

on whole-body retention of an injected tracer dose; deficient

animals demonstrated a greater retention of a given dose. This

increased efficiency in selenium retention would tend to close the

gap in tissue selenium concentrations between the deficient and

the 0.1 ppm selenium groups. Also, redistribution of selenium in
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a selenium deficient animal may lead to overcompensation in certain

of the vole's tissues.

Data from this study showed the greatest tendency for "over-

compensation" to occur in the kidney, testes, and brain. Studies

with rats have shown that testes of selenium deficient animals, while

initially containing a very small fraction of a given dose of
75

Se,

continued to accumulate selenium over a three-week period until over

40% of the dose was contained in the testes (Gunn et al., 1967; Brown

and Burk, 1973). This high affinity of testes for selenium may

account for the high selenium content of these organs in the voles

studies.

In contrast to other tissues, the liver has been reported to

retain a relatively constant percentage of a labeled dose regardless

of the animal's selenium status (Hopkins et al., 1966). This may

offer an explanation for the fact that selenium concentrations in the

livers of selenium deficient animals are lower than in any other

tissue.

While in some ways quite similar to other animals in tissue

absorption and retention of selenium, in other ways voles (M.

canicaudus) appear to differ considerably. More work in this area

is required to better characterize the behavior of selenium in voles.

Glutathione Peroxidase Activity

The GSH-Px activity of blood is increased by elevated levels

of selenium in the diet. This increase is rapid to a dietary

concentration of 1.0 ppm but is sharply reduced above this level.
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In females the blood GSH-Px activity reached higher levels. There

was a tendency for GSH-Px activity to reach a maximum at the 1.0

ppm selenium level when vitamin E was absent and to decrease at the

5.0 ppm selenium level (this was more dramatic in males). When

vitamin E was present GSH-Px activity was continuing to increase at

the 5.0 ppm selenium level, suggesting that at this level of dietary

selenium GSH-Px synthesis, activation, and/or incorporation into

erythrocytes is reduced in the absence of vitamin E and may possibly

indicate a toxic effect of selenium at this dietary level.

In rats GSH-Px activity continued to increase in response to

increasing levels of dietary selenium even after the selenium

requirement was met (Hoekstra, 1973). In voles this tendency was

seen, albeit at a reduced rate, in animals receiving vitamin E and

not seen at all in those animals deficient in vitamin E. Pinto and

Bartley (1969) found in rat liver that GSH-Px activity was 80%

higher in females than males. This adds credence to the finding of

higher blood GSH-Px activity in female voles than in the males.

Chow et al. (1973) found that in the absence of vitamin E,

GSH-Px activities in rat tissues reached higher levels. This agrees

for male voles and somewhat for females at the dietary selenium

level of 1.0 ppm. However, in voles at 5.0 ppm of dietary selenium

GSH-Px activity is decreased in the absence of vitamin E.

Hoekstra (1973) reported that GSH-Px enzyme is incorporated

into erythrocytes during erythropoiesis. Also, it is known that

vitamin E changes the intercellular distribution of selenium as well

as altering the percent of selenium in the selenide form (Wright and
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Bell, 1964; Diplock, 1973). These actions may possibly reduce GSH-Px

incorporation into erythrocytes during erythropoiesis, thereby

accounting for increased activities of this enzyme in the absence of

vitamin E. If, however, high levels of selenium (especially in the

highly oxidized forms which are associated with vitamin E deficiency

in rats) become slightly toxic and affect erythropoiesis this would

account for the sharp decrease in enzyme activity at 5.0 ppm of

dietary selenium when vitamin E is absent. (Moxon and Olson, 1974,

reported anemia to be a symptom of selenium toxicity in some animals.)

That is, while vitamin E may limit GSH-Px incorporation into

erythrocytes, selenium at high levels may become even more limiting

in the absence of vitamin E. Thus, it may be the case in this vole

that while vitamin E reduces the incorporation of GSH-Px into

erythrocytes by altering the chemical form of selenium and

redistributing it within the cells, at high levels of selenium this

action of vitamin E may be beneficial in preventing selenium toxicity.

Vitamin E may in this manner play an important role in ensuring the

continued increase of this enzyme (though at a reduced rate) in

response to increasing levels of selenium, which Hoekstra (1973)

suggested may be an adaptive response to the oxidant stress imposed

by excess selenite. Obviously, this is merely speculative and

certainly more work is required to elucidate the actions of this

enzyme system in these animals.



93

Reproductive Data

Males on the vitamin E and selenium-deficient diet possessed

extremely small testes, showed extremely low sperm concentrations,

and all sperm were immotile. This condition responded to either

vitamin E or selenium, which is contrary to the findings of Wu

et al. (1973) for rats, in which a similar condition responded only

to selenium. Additionally, Wu et al. (1973) found that in rats the

majority of sperm cells show breakage near the principle piece of

the tail. This was not found in voles. Brown and Burk (1973)

found in rats that
75
Se is associated with the sperm mitochondria

in the midpiece of the tail.

In females both vitamin E and selenium appeared important in

their reproductive physiology. Vitamin E has been known since 1922

(Evans and Bishop, 1922) to reduce fetal resorption. This was

indicated by the data in this study. However, there is some indica-

tion that for this vole selenium may also prevent fetal resorption,

which is contrary to findings for rats (Christensen et al., 1958;

Harris et al., 1958).

One mechanism by which selenium may possibly be involved in

decreasing fertility is suggested to be in the altering of

prostaglandin ratios and concentrations. Lands et al. (1971)

discussed the role of GSH-Px in the synthesis of prostaglandins.

GSH-Px was found to accelerate the production of prostaglandin E

(PGE) while decreasing that of prostaglandin F (PGF). Thus,

because the activity of GSH Px is related to the selenium status of
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the animal, it should be expected that PGE levels will also reflect

the selenium status. Labhsetwar (1972) discussed antifertility

effects of PGE and PGF in hamsters and rats. Data of this study

indicate decreased fertility in the absence of selenium (lower

GSH-Px activity). In this light it is interesting to note that

PGE is four to ten times less potent than PGF in its antifertility

effects. Prostaglandins may play a role in altering fertility in

voles, and if GSH-Px significantly affects the ratio of prostag-

landins in voles this may offer a clue to the action of selenium.

Because of the tremendously varied actions of prostaglandins and

the role of GSH-Px in its synthesis, prostaglandins may prove to be

contributors in some selenium deficiency or even toxicity symptoms

though at this point it is only speculation. An involvement of

prostaglandins in selenium deficiency symptoms was also postulated

by Vincent (1974).

The number of pregnancies increased with vitamin E and

selenium concentrations in the diet. But to what extent this

reflects the increased motility of sperm as opposed to factors

affecting the female reproductive system is not known.

Of the young born, those in the 1.0 ppm selenium-supplemented

groups had the greatest survival rate. The survival rate of animals

born into the 5.0 ppm selenium groups was very low and may have been

due to inadequate lactation by the mothers.

The mating of animals within their groups presented a problem

in determining whether reproductive failure was due to the males or

females being most affected. By examining reproductive parameters
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in males and females separately, this problem was somewhat

alleviated but there is certainly a need for more work in clari-

fying the effects of these nutrients upon the reproductive

physiology of voles.

Examination of the data suggest important roles for selenium

and vitamin E in the biology of this species. This is seen most

dramatically in the high number of mortalities in the nutrient-

deficient experimental groups. In addition, the significant

relationships between selenium-deficient diets and reduced body

weight gains, decreased liver and testes weights and lowered

GSH-Px activity in the blood further indicates a selenium require-

ment in this vole. In contrast to rats which require only 0.1 ppm

of selenium in the diet, the optimum level of dietary selenium in

M. canicaudus appears to be approximately 1.0 ppm. At this level of

selenium supplementation the highest body weights and reproductive

success were achieved. This study does provide the foundation

necessary to elucidate the nutrient relationships and their effects

on this species.
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V. SUMMARY

Voles (M. canicaudus) subjected to various levels of dietary

selenium and vitamin E demonstrated a requirement for both nutrients.

Animals deficient in both selenium and vitamin E, in addition to

suffering from liver necrosis, showed an unthrifty condition

characterized by diarrhea, swollen eyes, and inappetence which often

resulted in their deaths. With the addition in the diet of either

nutrient this condition was alleviated, though selenium appeared to

be the most effective. At the higher levels of dietary selenium

there may have been toxicity problems but further study is required

to confirm this.

Increased selenium concentration to the 1.0 ppm dietary level

caused total body weight to increase. Above this level, in the

absence of vitamin E, body weights decreased indicating a possible

toxic effect which is countered by vitamin E in the diet.

Liver comprised a greater percentage of the total body weight

with increased dietary selenium concentrations. This indicated that

a high dietary selenium level may be required to maintain the

functional and morphological integrity of the liver.

Testes weights were extremely low in the 0 ppm dietary

selenium and vitamin E group. Testes weights increased in response

to either dietary selenium or vitamin E concentration. In terms of

selenium, testes weights were highest in the 0.1 ppm dietary

selenium level, at the 1.0 and 5.0 ppm levels the testes weights

were nearly equal and were intermediate to the 0 and 0.1 ppm
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selenium levels. Both 50 and 500 ppm dietary vitamin E levels

resulted in much higher testes weights than in vitamin E

deficient animals.

Selenium concentrations in tissues were highest in kidney

and liver, followed by testes, heart, and brain. In the 0 ppm

selenium groups certain of the tissues (kidney, testes, and brain)

tended to be as high or higher than the same tissues in the 0.1 ppm

selenium groups.

Glutathione peroxidase activity increased with increasing

dietary selenium concentration if vitamin E was present. In the

absence of vitamin E, GSH-Px activity increased to the 1.0 ppm

dietary selenium level and decreased at higher selenium levels,

indicating that vitamin E may alleviate a toxic effect of high

selenium levels. Females tended to show higher GSH-Px activities

at given dietary selenium levels than did males.

Both vitamin E and selenium appeared to be able to ensure the

functional integrity of sperm. In females, both nutrients appeared

to prevent fetal resorption and increase the fertilization rate.

At the 5.0 ppm dietary selenium level the survival of young was

drastically reduced, possibly as a result of poor lactation on the

part of the mother.

Examination of the data suggested that selenium is indeed an

important nutrient to the biology of this species and that vitamin E

is able to some degree to spare the selenium requirement. The

optimum level of dietary selenium seems to be about 1.0 ppm. This

is in contrast to rats, which require only 0.1 ppm of selenium in
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the diet. More work is required to confirm these findings.
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APPENDIX

STATISTICAL ANALYSIS

A 3-way factorial analysis of variance test for cells of unequal

sample sizes was performed upon the data. Three factors, P, Q, and R,

were tested. The following equations were used in the test.

p q r

= pqr / y y y 1/n
ijk

i=1 j=1 k=1
(1)

where p, q, and r = number of treatments for each factor (P, Q, and

R), nijk = the sample size or number of replications for each block,

and TI:= the harmonic mean.

k = G
2
/n ; G =

ijk

where Yijk = the sum of all cell means, and n = the total number of

samples. To calculate the main effect of factor P, the following

equation is used.

( p/qr \21

l[YY1 kY1 xiiki
: (crr) - k = E

i Aj

(2)

where E = the effect of P upon the data. The main effect of factor

Q is calculated using the equation:

(p'r) k = Eq
j =1 i =1 k=1 xiik)]

where E = the effect of Q upon the data. To calculate the main effect
q

of R, the following equation was used:

r p q 2

Tik) (17"c1)} k E r
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where E
r
= the effect of factor R upon the data.

The interaction of factors P and Q, P and R, and Q and R are

calculated using the following respective equations, where E E ,

pq
,

pr

and E
qr

are the effects of the respective interactions upon the data.

P1 .J11 ( i c. 1 -3 -ii

r k E - E
k)21

p
q

= E
Pq}

p r

q - k Ep - Eq = E
pr

_j=1 ij)

aq rcc \21

3-Ci k)
p - k E - Er = Er

The interaction of all factors is calculated as follows.

p q r 2

y y y 3,-,.., k - Ep Eq Er E
pg

- E
pr

E
qr

= E
pqr

i=1 j=1 k=1 1J-(

The error term used in the analysis is as follows.

/ p q r

kX Yv. .k)In- Pqr
\i=1 j=1 k=1

where v
ijk

= the variance within each cell calculated as

x2
(E )2

The F values were calculated as MS/the error term, where

MS = SS/df. The equations to determine SS for each factor and inter-

action are given below.

E (TT) = SS for P,

E (ff) = SS for Q,
q

E
r

(T) = SS for R,
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E (n) = SS for PQ,
Pq

E 01 = SS for PR,
pr

E
qr

01 = SS for QR, and

E
pqr

(IT) = SS for P.Q.R.


